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Background: Cystic fibrosis is the most common inheritable genetic disease affecting 1 
in 2500 new born Caucasian infants.  The primary cause of morbidity and mortality in 
these individuals is respiratory failure resulting from chronic airway infections.  
Previous studies have shown that many bacterial species colonise the airways at any one 
time.  These results have suggested the need for understanding the ecological 
mechanisms occurring within these communities.  This thesis uses ecological 
experiments to assess the impact of biodiversity on the activity of bacterial assemblages.  
 
Methods: Bacterial species and P. aeruginosa ecotypes, isolated from expectorated 
sputum samples and identified using 16S rRNA gene sequence variation, were 
assembled into combinations of increasing diversity.  These assemblages were 
inoculated into different environments to assess their effect on respiration.  Total 
respiration was monitored using the MicroResp™ or the BIOLOG EcoPlate™ systems.  
A general linear model approach was used to analyse the data and investigate the ability 
of three ecological processes (species richness, composition and interactions) to account 
for the observed variance. 
 
Results: Richness was generally shown to be statistically significant in all environments 
tested with mixed species present (p < 0.005).  Conversely, when P. aeruginosa 
ecotypes were present no effect of richness was observed (p > 0.272).  Composition was 
found to account for significant variation in the data in all environments and species 
combinations (p < 0.001).  Altering the environment was shown to affect the 
significance of productivity and interactions among the species. 
 
Conclusions: The experiments reported within show a novel application of established 
ecological models.  These identify a complex interplay of mechanisms within the 
bacterial assemblages that are dependent on the environment and relatedness of the 
bacteria present.  This thesis identifies key areas of future work to use ecology to 
provide insight into respiratory infections. 
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A572nm Absorbance at a wavelength of 572 nm 
AIC  Akaike information criterion 
ANOVA Analysis of variance 
BA   Blood agar 
bp  Base pair 
C  Composition (species) 
CF  Cystic fibrosis 
CFTR  Cystic fibrosis transmembrane conductance regulator 
cfu  Colony forming units  
CO2   Carbon dioxide 
CU  Coefficient units 
dJac  Distance based on Jaccard’s coefficients 
DHB  Defibrinated horse blood 
DNA   Deoxyribonucleic acid 
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GLM  General linear model 
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LB  Luria-Bertani  
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MgCl2   Magnesium chloride 
NaCl  Sodium chloride 
NaHCO3  Sodium bicarbonate 
NaOH  Sodium hydroxide 
NLR  Non-linear richness 
ODz    Optical density (measured at a wavelength of z nm) 
P  Partitions 
PBS  Phosphate buffered saline 
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PCR    Polymerase chain reaction 
RDP  Ribosomal Database Project 
REP  Replicates 
RPD  Random partition design 
rpm  Revolutions per minute 
rRNA  Ribosomal ribonucleic acid 
SD  Standard deviation 
se  Standard error 
SS  Sums of squares 
T-RF  Terminal restriction fragment 
T-RFLP Terminal restriction fragment length polymorphism 
TAE  Tris-Acetate-EDTA 
TBE  Tris-Borate-EDTA 
TukeyHSD Tukey’s honest significant difference 
UCO2  Units of respired CO2 over 24 hours 
v/ v  Volume per volume in ml/ ml 





The following glossary presents terms and symbols used within this thesis. Certain of 
these terms and symbols are defined in specific relation to the work presented here. 
 
Assemblage – An artificially created group of bacterial species of manipulated diversity  
Biodiversity – The extent of genetic or phenotypic variation present within the bacterial 
isolates within the system. 
Community – A group of bacterial species that inhabit the same space at the same time 
and are shown/ hypothesised to interact between themselves.  
Constrained – A type of environment of reduced mixing. 
Diversity – See “Biodiversity”. 
Ecosystem – The biotic and abiotic structure of a spatial construct. 
Ecosystem function – Any process of an ecosystem associated with the biota.   
Ecotype – A population within a species possessing phenotypic differences.  
Fully factorial design – A type of experimental design in which all of the entities being 
investigated are present, in every possible combination, with all of the other entities. 
Indirect manipulation – Methods that control bacterial biodiversity in an experimental 
microcosm by contracting the existing diversity without culturing. 
Isolate – A colony of bacteria derived from a pure culture first isolated on solid medium 
prior to identification. 
Microcosm – An experimental unit consisting of a nutrient source inoculated with one 
or more bacterial species. 
Microcosm mix – See “Assemblage”. 
Mixed – A type of environment that allows the bacterial cells present to freely 
intersperse with other entities within the media. 
Overyielding – A microcosm exhibits overyielding when its productivity is greater than 
the average productivity of its constituent species in monoculture. 
Partitioned species pool – The combination of the species, across all microcosms, at 
each richness level.  At each level, each species is present only once. 
Random partition design – The experimental design used here states that the number of 
species richness levels is dictated by the numerical factors of the total species pool.  As 
such, each species is present once at each richness level. 




Species – A population of bacteria in which the 16S rRNA gene nucleotide sequence 
shows over 97% identity with the corresponding 16S rRNA gene sequence from a 
reference strain. 
Species richness level – The number of species present within the assemblages.   
System function – see “Ecosystem function” 
Total species pool – The total number of species. 
UCO2 – The units of respired CO2 measured at the end of the experiment in which 





Replicate – Each experimental measurement was replicated twice with this entered as a 
factorial variable “REP” in the analysis. 
Partitions – A single Partition represents a single set of 28 microcosms which has each 
species present in each richness levels once.  This term is coded in the analysis as a 
factorial variable “P”. Each Partition was independently replicated twice given a total 
number of 56 microcosms in this study. 
Linear richness – This term investigates the amount of variance accounted for by an 
increase in the number of species present using the richness levels as a continuous 
variable.  
Non-linear richness – This term investigates the amount of variance accounted for by an 
increase in species number using the richness levels as a factorial variable with six 
levels. 
Species composition – This term uses a presence absence matrix for each of the species 
in each of the microcosms.  This allows the mean respiration to be assigned to each of 
the species in the analysis. 
Q – Each Q term within a Partition represents the unique ordering (partitioned species 
pool) of the species at a given species richness level.  As a factorial variable, each level 
of Q represents an arrangement of species at a single species richness level in a single 
Partition.  The values of Q are numbered reciprocally to the species richness level i.e. 
the highest species richness level was assigned the lowest Q level. 
M – As a factorial variable, each level of M represents a single arrangement of species 
within a Partition.  Each value of M is replicated twice.  As with Q, the values of M are 
numbered reciprocally to the species richness level i.e. the highest species richness level 







The independent variable of the model.  Throughout this thesis this 
will represent respiration 
β0 
The intercept of the general linear model.  This term is the point at 
which the regression line crosses the y-axis.  This is the calculated 
value of respiration in microcosms with no species. 
βLR 
The linear model coefficient for the linear richness variable.  As 
linear richness is entered as a continuous variable this equates to the 
gradient of the regression line. 
xLR 
The values of x for the linear richness term as entered into the model 
as a continuous variable. 
βREP 
The linear model coefficient for the replicate term.  The coefficients 
represent the mean respiration for each of the levels entered. 
xREP 
The values for x of the replicate term.  This term is entered as a 
factorial variable with two levels; 1 and 2. 
βP 
The linear model coefficient for the Partition term.  The coefficients 
represent the mean residual for each of the levels entered. 
xP 
The values for x of the Partition term.  This term is entered as a 
factorial variable with three levels; 1, 2 and 3. 
βC 
The linear model coefficient for each individual species.  This value 
represents the mean residual for each of the species across all the 
assemblages in which it was present.  
xC 
The presence of each individual species was coded into the general 
linear model by either a binary code or by weighted values, between 
0-1.  These were multiplied by the residuals to give values for only 
the assemblages in which a given species was present 
βNLR 
The linear model coefficient for the non-linear richness term.  The 
coefficients represent the mean value for each of the levels entered. 
xNLR 
The values for x of the non-linear richness term.  This term is 









The linear model coefficients for the Q term.  This represents the 
different combinations of species at each richness level across the 
Partitions.  The coefficients are the mean residual values for each 
level. 
xQ 
The values for x of the replicate term.  This term is entered as a 
factorial variable with 18 levels; 1 to 18. 
βM 
The linear model coefficients for each of the unique species 
assemblages in the experiment.  These represent the mean residual 
values for each level entered into the model 
xM 
The values for x of the replicate term.  This term is entered as a 
factorial variable with 168 levels; 1 to 168. 







Miscellaneous equations used in the analysis 
 = 1 − 	         [1] 
 
Equations used in the calibration of the respirometer (Chapter 3b) 
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Equations used in the description of the general linear model (Chapter 3c) 
B = C6 + CDEFE + (∑ CHFHIJ ) + CIDEFE + CKFK + CLFL + &     [6] 
B = C6 + CDEFE + &         [7] 
B = C6 + CDEF + (∑ CHFHJJ ) + &       [8] 
B = C6 + CDEFE + (∑ CHFHJJ ) + CIDEFE + &     [9] 
 
Equations of general linear models used in the statistical analysis of the data: 
B = C6 + CEMNFEMN + CNFN + CDEFE + (∑ CHFHIJ ) + CIDEFE + CKFK + CLFL + &  [10] 
B = 	C6 + CDEFE + O CPQJ⋮CPQJS FH + T
CIDEJ⋮CIDEJU FE     [11] 






1. General Introduction 
1.1 Introduction 
The impact of bacterial biodiversity on the activity of assemblages is an area of 
research which is the subject of increasing importance for microbial ecologists.  To 
date, most of the work on this subject has examined bacterial species from natural 
environmental contexts.  This thesis however, will apply ecological techniques to an 
environment that as yet, has not been investigated in this manner, the airways of cystic 
fibrosis (CF) patients. 
The primary disease related cause of mortality and morbidity in patients with CF 
is pulmonary failure, therefore maintaining the health of the CF airways is of great 
importance (Hauser et al., 2011).  Morbidity occurs through progressive lung damage 
arising from chronic airway infections by a typically complex mix of bacterial species.  
Although many studies have surveyed the airways of individuals with CF to establish 
the composition of the bacterial community, few have directly investigated ecological 
mechanisms in this context.  The CF airways provide a constrained and selective habitat 
for the study of ecological mechanisms within chronic polybacterial infections.  The 
increased understanding of chronic infections that emerges from this may be of future 
importance in terms of the treatment of these infections. 
The aim of this study was to better understand the ecological mechanisms within 
CF-associated airway infections by the application of microbial ecology methods.  By 
using the relatively constrained diversity of the CF airways, it will be possible to study 
the biodiversity - ecosystem function relationships of a clearly bounded habitat 
containing a community with relatively limited diversity. 
1.2 Biodiversity and Ecosystem Function 
The relationship between biodiversity and ecosystem function has been an 
important area of study for over a century.  Darwin, in “On the Origin of Species”, has 
been credited as making the first published observation that an increase in biodiversity 
corresponded to an increase in plant biomass yield (Tilman, 1999; Tan et al., 2012).  
The mechanisms that drive the impact of biodiversity on ecosystem function are, 
however, highly complex.  Studies of biodiversity involve a similarly complex set of 
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evolutionary, biogeographical and physical processes (Huston, 1997).  As such, 
understanding the impact of biodiversity is often concerned with how the different 
mechanisms contribute to the plurality of processes (Lawton, 1996).   
The class of experiments created to study this relationship are termed 
biodiversity-ecosystem function (BEF) experiments.  The six most cited papers relating 
to BEF experiments in 2009 were reported by Solan et al. (2009). In every case, these 
were based on the manipulation of terrestrial plant assemblages.  The experiments 
reported in four of these studies were of particular importance (Naeem et al. 1994; 
Hooper & Vitousek, 1997; Tilman et al., 1997; Hector et al., 1999).  Of these, Tilman et 
al. (1997) and Hector et al. (1999) reported two of the largest-scale BEF experiments 
published so far.  These studies manipulated plant communities in the Cedar Creek and 
the pan-European “BIODEPTH” experiments respectively.  Both of these studies and 
subsequent studies radiating from these data (e.g. Loreau & Hector, 2001; Tilman et al., 
2012) support Darwin’s observation that an increase in biodiversity equates to an 
increase in ecosystem function.   
Experimental manipulation therefore allows insight into this relationship, or as 
stated by Kareiva (1994): 
“…the influence of biodiversity can be elegantly dissected 
through experimental manipulations.” 
A review by Tilman et al. (2002) stated that most studies before 1990 postulated that 
productivity of an ecosystem was driven by a single dominant species.  As further work 
was conducted in assessing ecosystem productivity, a paradigm shift occurred and the 
biodiversity of a system began to be considered to be as important as a dominant species 
(Tilman et al., 1996).  As more species combinations and ecosystems were tested, it 
also became apparent that a positive relationship was the most common function of 
biodiversity on productivity (i.e. where biodiversity increases tended to correlate with 
increase productivity; as reviewed in Duffy, 2002).  Current models, supported by 
empirical data, suggest that there is no single relationship that underpins the impact of 
biodiversity on a measure of ecosystem function (Bell et al., 2009a).  Vitousek & 
Hooper (1993) hypothesised three possible effects of biodiversity on ecosystem 
function (Figure 1a).  These suggested that the relationship could be positive linear, 
positive asymptotic or neutral.  Based on more recent findings, the positive linear model 
was replaced by a negative asymptotic relationship (Figure 1b; Jiang et al., 2008).   
To analyse which of these relationships are present, BEF experiments have been, 
and continue to be, employed.  These BEF experiments are conceptually very simple; a 
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measure of ecosystem function (e.g. primary productivity; biomass turnover, generation 
of CO2) is plotted as the response variable, against an increasing measure of diversity.  
The trajectory of these data shows the relationship of the ecosystem function to the 
specific change in biodiversity (Naeem et al., 2002).  Around this trend, a notable 
degree of variation within the data is usually observed at each level of biodiversity.  As 
will be discussed below, the methods for explaining, and reasons for, this variation is 
still a matter of debate (Hector et al., 2009). 
Three primary mechanisms have been proposed to affect the biodiversity impact 
upon productivity.  These are termed the “sampling”, “selection” and 
“complementarity” effects (Tilman et al., 1997; Loreau & Hector, 2001; Hector et al., 
2009; Becker et al., 2012).  The sampling effect dictates that as higher diversity 
assemblages are created, the more likely it will be to include a dominant species.  In 
contrast, the selection effect reflects the performance and abundance of a species in a 
mixture.  Finally, the complementarity effect calculates the extent to which the species 
are coordinated with one another. This complementarity has been frequently related to 
niche differentiation (Tilman et al., 1997).  As it is unclear how to separate ecological 
processes between species, any observed complementarity effects have however been 
regarded as being synonymous with interactions between the species (Hector et al., 
2009). 
Plant BEF experiments have concluded typically that there are mainly positive 
relationships between biodiversity and productivity (Duffy, 2002; Jiang et al., 2008).  In 
these studies, the predominant mechanism thought to cause these positive effects was 
the selection effect (Loreau & Hector, 2001), although, “transgressive overyielding”, a 
form of complementarity effect where the assemblage productivity is greater than the 
best-performing monoculture, was also generally observed (Kirwan et al., 2009). 
The BEF experiments discussed so far have been based on plant communities.  
In this thesis however, the focus has been on the manipulation of bacterial biodiversity 
in relation to productivity. The focus of this Introduction will therefore, now turn to 






Figure 1.1: Hypothesised BEF relationships as adapted from (a) Vitousek & 





Bacterial Biodiversity and Ecosystem Function 
The use of bacterial species in BEF experiments was traditionally rooted in the 
testing of theory or mathematical models (Bell et al., 2009a).  The field of 
environmental bacterial BEF research however, has recently begun to provide important 
information as to how bacterial richness and community structure effects ecosystem 
function in its own right (Salles et al., 2009; Frossard et al., 2012).  Previous bacterial 
BEF experiments, whilst based on bacteria derived from different habitats, have yielded 
examples of all hypothesised possible outcomes (Figure 1.1b; Jiang et al., 2008); 
namely positive (Bell et al., 2005), neutral (Zhang et al., 2009) and negative (Becker et 
al., 2012). Prior to this study, such experiments had not been performed on clinically-
derived bacterial species.   
There are marked differences between BEF experimentation in macro- and 
micro-ecology.  One difference that needs the most thought, as it poises real difficulties 
for the bacterial ecologist, is how biodiversity is calculated (Cohan, 2002).  Established 
practice in macro-ecology is that either the functional or genetic diversity can be used.  
The identification of bacterial species now increasingly exploits conserved region(s) of 
the genome, with many studies based on the phylogenetically-informative 16S rRNA 
gene (Frossard et al., 2012; Lawrence et al., 2012). These forms of bacterial species 
identification avoid problems associated with phenotypic assessments that can vary, 
depending on the character being studied, between members of a single species.  
Another important consideration for the inclusion of species is the habitat from 
which they were obtained.  Previously, in plant BEF experiments, species were included 
in the experiment with the determining factor for selection being the ability to grow in 
the environment tested (Naeem et al., 2009).  To infer meaningful conclusions from 
data using bacterial species, the habitat from which they were isolated needs to be 
relevant to the environment under investigation (Schimel et al., 2007; Frossard et al., 
2012).   
Whilst recent studies have widened the scope of bacterial BEF experiments 
(Becker et al., 2012; Frossard et al., 2012), they have not fully assessed whether an 
increase in biodiversity impacts on the ecosystem function.  The choice of ecosystem 
function to measure is also important.  Broadly, there are two approaches to measuring 
bacterial ecosystem function.  The first is to target a specific mechanism and observe 
how biodiversity impacts on it (e.g. Frossard et al., 2012).  The second takes a more 
holistic function, such as respiration.  Although less informative about a specific 
process, measures such as respiration allow fundamental questions to be asked of the 
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data. In addition this can also assess the significance of the ecological mechanisms 
affecting the measured outcomes from a community (Bell et al., 2005; Salles et al., 
2009; Lawrence et al., 2012). 
There are other points relevant to the choice of habitat. No previous BEF 
experiment has selected to study a clinically-important setting. To the best of my 
knowledge, the only references to infection in BEF experiments published to date have 
been found in studies from Ostfeld et al. (e.g. Ostfeld & Keesing, 2000; Ostfeld, 2009) 
who discuss how reducing biodiversity results in an increased risk of zoonotic 
infections.  More recently, Bell et al. (2009a) proposed that the use of BEF experiments 
to understand ecosystems could have implications for microbial disease treatment.  
Outside of BEF experiments, other recent studies are linking bacterial biodiversity to 
human allergy development (Hanski et al., 2012). 
Previous bacterial BEF experiments illustrated the effect of biodiversity on a 
measure of ecosystem function within a specific environment (Table 1.1).  Many of 
these studies however, manipulate the biodiversity of the systems by contracting the 
existing diversity by using methods such as dilution (Peter et al., 2011) or fumigation 
(Griffiths et al., 2000).  These methods, known here as “indirect manipulation” 
methods, allow a subset of the species in the original community to be established.  In 
contrast another method by which biodiversity can be manipulated is through the 
artificial assembly of communities (Bell et al., 2005).  This strategy, known here as 
“direct manipulation” methods, requires the mixing of pure cultures in order to create a 
community of the desired diversity and composition. 
  Questions have arisen about the relevance of these direct manipulation methods 
of biodiversity establishment to natural environments (Bell et al., 2009a).  Indirect 
manipulation methods are thought to allow more of the community to be present in the 
experiments and therefore, have been considered by some as more applicable to nature 
(Frossard et al., 2012).  This is because the direct manipulation of diversity requires the 
isolation of species from the habitat being studied.  Only in very few habitats can these 
methods provide a complete representation of the species within a given environment 
(Bell et al., 2005).  Direct manipulation allows the investigation of individual species in 
desired assemblages as dictated by the researcher.  Further advantages of the direct 
manipulation methods are that the process of cultivation of the bacterial species allows a 




Reference Environment Diversity Productivity measure and other remarks 
Wohl et al., 
2004 
Water (River) 10 Monitored cell density in four richness levels at 
six time points over 25 days. Reported a positive 
relationship between richness and biomass. 




72 Bacterial species identified using fatty acid 
methyl ester profiling.  The first study to use the 
Random Partitions Design. Reported a positive 
relationship between richness and evolved CO2. 
Salles et al., 
2009 
Soil 16 Primary investigation into niche differentiation 
for the continuing of communities. Reported a 
positive relationship between richness and both 
denitrification and CO2 production . 
Zhang et al., 
2009 
Soil 6 Used a single species and isolated six 
morphologically different “species analogues” 
from the same ancestor.  Reported a neutral 
relationship between richness and growth rate. 
Langenheder 
et al., 2010 
Soil 6 Focused on “transgressive overyielding” in six 
richness levels utilising three single carbon 
sources. Reported a time-dependent relationship 
between richness and metabolic activity. 
Becker et al., 
2012 
Soil 8 Used a single species with these isolates chosen 
to cover all genetic subgroups.  Reported a 
negative relationship between richness and both 





5 Ecosystem function was assessed after 15 days of 
perturbation & evolution. Reported a positive 
relationship between richness and evolved CO2. 
Tan et al., 
2012 
Water (Fresh) 8 Primary aim was to investigate whether 
phylogenetic relatedness was a good surrogate for 
ecological similarity. Reported a positive 
relationship between richness and biomass. 
 
Table 1.1: List of bacterial BEF studies based on direct manipulation of 
biodiversity. All eight bacterial BEF studies used direct manipulation to alter the 
biodiversity of an assemblage.   A measure of ecosystem function was measured and 
related to the manipulated biodiversity.  The majority of these studies showed that an 
increase in species diversity was matched by an increase in ecosystem function.  This 
finding is both supported (Peter et al., 2011) and contradicted by (Langenheder et al., 




BEF models and their analysis 
Hector et al. (2009) stated that theoretical, semi-mechanistic and mechanistic 
models were the three main types of models for BEF experiments.  The models have 
acquired these monikers based upon the method used to separate biodiversity effects.  
Theoretical models assign unmeasureable processes to be the cause of biodiversity 
effects.  Semi-mechanistic models fit parameters that can be loosely related to 
biological processes.  The final model type was termed mechanistic models and these 
have been championed in the literature (Loreau, 1998; Loreau & Hector, 2001) because 
they attribute parameters in the model to quantifiable biological processes (Hector et al., 
2009).  Information about the actual biological processes present in the microcosms 
assembled can be obtained using mechanistic models.  These models were used 
exclusively throughout this study.   
With a hypothesis-driven, mechanistic experimental design, a null hypothesis is 
also needed.  The starting point of many models is that all species are equivalent in their 
effect on ecosystem function (Loreau et al., 2002; Bell et al., 2009b).  This results in 
there being no general effect on ecosystem function with changing biodiversity; the 
majority of statistical models take this as the null hypothesis.  A key challenge was to 
conduct an experiment that could distinguish and assess the mechanisms by which 
species richness influences ecosystem function.  The effects that result in variation from 
this hypothesis are the reason for the application of complex statistical analyses.   
There is no “gold-standard” of analysis for data produced from BEF experiments 
with many different techniques having been previously implemented (Schmid et al., 
2002).  Tilman et al. (1996) used simple analyses of variance (ANOVA), whereas later 
studies have utilised general linear models to analyse the data generated (e.g. Loreau & 
Hector, 2001; Bell et al., 2005; Kirwan et al., 2009) and so to separate out aspects of 
biodiversity impacting on ecosystem function.  
The choice of statistical analysis and design of experiments to distinguish the 
three mechanisms by which diversity influences ecosystem function is complicated. The 
classical solution has been to design fully factorial experiments in which species are 
tested in all different combinations.  These however, require large numbers of 
experimental microcosms for even modest numbers of species.  For example, a study 
with 12 species would require, without replication, over 4000 different microcosm 
mixes to be assembled.  Bell et al. (2005) overcame this limitation by developing a 
design based on random partitioning.  
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In the Random Partitions Design, species were randomly sorted so that they 
were all selected exactly once at each level of species richness.  This was repeated to 
provide new random assemblages, where again, each species was selected once per 
species richness level, but now in new combinations.  By selecting a number of species 
richness levels, this avoided the need for an arduous fully factorial design.  Moreover, 
by using this method, the knowledge of individual species productivity, in monoculture, 
is no longer essential.  This model allows the user to assess the contribution of both 
species richness and species identity to ecosystem function and to infer the presence of 
interspecies interactions (Bell et al., 2009b).   
1.3  Cystic Fibrosis 
The experimental models used throughout this thesis are based upon the chronic 
airway infections that are common in individuals with CF.  Having introduced the 
underlying ecology in this thesis, the following sections will next introduce CF as a 
disease.   
CF is one of the most common life-shortening autosomal recessive diseases in 
Caucasian populations, (Davies et al., 2007, LiPuma, 2010) with an incidence of 
approximately one in 2500 infants (Davies et al., 2007) and a carrier rate of one in 25 of 
the UK Caucasian population (Bilton, 2008).  The disease is systematic, causing a range 
of endocrine and gastrointestinal abnormalities (Lyczak et al., 2002; Davis et al., 2007); 
however the most severe clinical manifestation of CF is in the lung (Lyczak et al., 2002; 
Goss & Burn 2007; Davis et al., 2007).  In the airways of individuals with CF, altered 
physiological states typically lead to repeated chronic bacterial lung infections. These 
bacterial infections, and the subsequent immune response, cause damage that leads to a 
reduction in lung function (Lyczak et al., 2002; Goss & Burn, 2007).  Ultimately, lung 
function can reduce to the point where respiratory failure occurs. Despite advances, this 
remains by far the largest cause of mortality in this patient group (Lyczak et al., 2002; 
Davies et al., 2007; LiPuma, 2010; Callaghan & McClean, 2012). 
Genetic basis of CF and physiological implications in the respiratory tract 
CF is caused by a mutation in the CF transmembrane conductance regulator 
(CFTR) gene.  The CFTR gene encodes for an adenosine triphosphate binding cassette 
transporter protein and cyclic adenosine monophosphate activated chloride channel 
(Callaghan & McClean, 2012).  The most common mutation (over 70% of mutated 
genes) in this gene is a deletion of phenylalanine at position 508 (Davies et al., 2007).  
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Non-mutated CFTR genes encode for a protein which is expressed on the surface of 
epithelial cells which is responsible for sodium ion absorption and chloride ion 
secretion (Boucher, 2004). Individuals homozygous for this mutation, ~ 55% of 
Caucasian individuals with CF, produce a non-functional CFTR protein which is 
degraded in the cytoplasm of the cells (Lyczak et al., 2002). 
In the CF lung, the dysfunctional CFTR protein leads to altered fluid balance 
across epithelial cells and an impaired mucociliary clearance system (Bals et al., 1999).  
The altered ability to control the movement of ions across the epithelial cells causes an 
accumulation and thickening of mucus and the formation of mucus plaques (Boucher, 
2004).  The inability to remove the mucus and cellular debris causes a viscous matrix to 
be formed in the CF airway.  This allows the establishment of chronic infections by 
colonising microbes (Callaghan & McClean, 2012).  
CF lung infections 
The airways, in both health and disease, are exposed to a large number of 
foreign bodies, including bacteria, present in inhaled air.  With an impaired mechanism 
for the removal of mucus and other debris, the host immune response to these microbes 
results in inflammation of the nearby tissue and ultimately, permanent lung damage 
(Goss & Burns, 2007).  A number of different types of microbes may be implicated in 
disease progression. Viruses have been considered detrimental in terms of contributing 
to lung damage (Wat et al., 2008).  In this study, the focus will be on the bacteria 
present in the CF airways.  As bacterial infections are the most important factor in the 
reduction of CF airway function (LiPuma, 2010).  It is now important to understand the 
manner in which the colonisation of the CF airways develops. Understanding these 
processes may have implications for directing therapy, and both modelling and 
modulating the acquisition of bacterial species. 
Colonisation of the airways is thought to begin at an early age; approximately 
65% of CF patients have been considered by traditional culture-based diagnostic 
microbiology, to be colonised by at least one pathogen by one year of age (Rosenfeld et 
al., 2001).  To assess what species are present however, it is important to first focus on 
the means of characterisation. The traditional means of doing so has relied on 
“classical” microbiological diagnostic strategies.  These strategies have focused on the 
cultivation of a small number of bacterial species which are considered to be “key” 
pathogens in the CF airways. These species include the Burkholderia cepacia complex, 
Haemophilus influenzae, Pseudomonas aeruginosa, Staphylococcus aureus and 
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Stenotrophomonas maltophilia (Lyczak et al., 2002).  Other bacterial species including 
Achromobacter xylosoxidans and members of the Streptococcus genus have been more 
recently associated with the progression of CF lung disease (Sibley et al., 2009; 
LiPuma, 2010; Rudkjøbing et al., 2012).  
Current treatment for chronic CF lung infections 
A range of different symptom management strategies are used to maintain the 
health of patients with CF, with many important treatments focusing on reducing 
damage to the CF lung. These treatments can broadly be categorised into those that are 
drug- and non-drug based.  Of the non-drug based therapies, exercise, nutritional 
regimes and regular physiotherapy have all been shown to be important for the health of 
CF patients (Quon & Goss, 2011). A range of drug based approaches are also important. 
These include the use of mucolytic agents, anti-inflammatory agents and both inhaled 
and intravenous antibiotics (Tang et al., 2005; Davis et al., 2007). 
Whilst all treatments are of benefit, the use of antibiotics has been argued to be 
the most important contributing factor to the increase in life expectancy of CF patients 
(Lyczak et al., 2002).  Despite the benefit seen by the use of these agents to CF patient 
health overall, there are many important issues that need to be considered. These issues 
include which antibiotic(s) to use in relation to the pathogenic agent perceived to be 
important (Aaron et al., 2004), when to start the course of antibiotics, the role of the 
antibiotic – as either a prophylactic (Flume et al., 2007) or to suppress an exacerbation 
(Taccetti et al., 2008). These issues need also to be considered in relation to the stage of 
lung disease which often correlates with the age of the CF patient and their previous 
health care. 
 Bacterial species in CF airways 
The current treatments for CF airway infections highlight the role of antibiotics 
in relation to the increase in life expectancy for CF patients. By extension, this also 
stresses the importance of bacteria in CF airway disease progression. Therefore, it is 
equally important to describe what is known about the bacteria in the CF airways.  
A range of bacterial species have been found in lung infections (Huang et al., 
2010), particularly in CF (Rogers et al., 2003; Guss et al., 2011).  The presence of 
multiple bacterial species raises interesting questions for researchers.  These include: 
what species are present, why are there so many different species present and how do 
these species affect the disease?  The majority of the published literature focused on the 
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“What is there” element whilst hypothesising the “Why are they there” (Filkins et al., 
2012).  Few studies have experimented on the “How do they affect the disease” 
(although Sibley et al., 2008 showed that supposed non-pathogenic bacterial species 
could increase the pathogenicity of P. aeruginosa in a Drosophila model).  The use of 
BEF experiments using clinically isolated bacteria could allow researchers to gain 
insights into the ecology of the community and shape potential future treatments of the 
disease (Bell et al., 2009a). 
Assessing biodiversity in CF 
Currently in CF microbiology research, the issue of biodiversity has been 
correlated to the severity of the disease indicating that as the species diversity increases 
the disease severity decreases (Delhaes et al., 2012).  This drop in diversity has 
however, also been linked with age, or length of infection (Cox et al., 2010).  Indeed, in 
a study by Goddard et al. (2012) it was shown that the lungs at transplantation, typically 
the end-stage of the airway disease, were infected by a maximum of three detectable 
species.  Therefore, the severity of the disease may not be affected by the diversity, but 
simply by the prolonged infection of the airways by colonising species.  As such, the 
presence of mixed species communities in the CF airways and ultimately their role in 
disease and stability is currently unknown (Filkins et al., 2012). 
Identification of bacterial species present in mixed samples 
Traditionally, the presence of bacterial species in the CF airways has been 
assessed by culture-based methods.  These relied on the bacterial species being able to 
grow in the conditions chosen.  More recently, however, culture-independent 
methodologies have been implemented to assess the diversity of bacterial species in the 
CF airway. 
Culture-independent methods have become the standard to obtain measures of 
species richness for research for many years, especially as they allow detection of 
“uncultured” species (Rogers et al., 2003; Goss et al., 2010).  The most regularly used 
gene for the identification of species is the 16S ribosomal RNA (rRNA) gene sequence 
(Cohan, 2002).  The 16S rRNA gene is of particular interest to those studying the 
phylogenetic relatedness of prokaryotes (Woese & Fox, 1977; Clarridge, 2004).  This 
gene is present at least once in every prokaryotic organism and is part of the 30S 
subunit of the prokaryotic ribosome (Stryer et al., 2002; Acinas et al., 2004).  Regions 
of this gene are either conserved or variable.  Conserved regions keep the functionality 
of the gene intact and also allow the binding of primers for polymerase chain reaction 
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(PCR) across a wide range of bacterial species for specific amplification (Yong & Qian, 
2009).  The variable areas of the gene are regions that have altered in sequence slowly 
over time, allowing phylogenetic relatedness between organisms to be calculated 
(Woese & Fox, 1977; Weisburg et al., 1991).  The variable regions of the gene 
sequence have been widely used to characterise which bacterial species are present 
within a sample (Liu et al., 1997).   
To characterise the bacterial species present, a process consisting of the 
extraction of nucleic acids from cells in a clinical sample is required. These nucleic 
acids serve as templates for the amplification of the rRNA gene. Depending on the 
sample, a mix of species is present.  As a mix of different rRNA gene amplicons will 
result, some means of resolving which amplicons, or species, are present is therefore 
required.  The identities of the bacterial species present can be either inferred or derived 
by a number of different DNA based methods.  Of these, Terminal-Restriction 
Fragment Length Polymorphism (T-RFLP) profiling has been used commonly in 
assessing the diversity of species in CF samples (Rogers et al., 2003; Sibley et al., 2011; 
Stressmann et al., 2011a).  This method resolves amplicons from different species as 
bands visualised in a single electrophoretic lane (Dickie & FitzJohn, 2007). Here, each 
band has been generated by restriction endonuclease digestion of the amplicons.  
Different restriction endonuclease sites are formed in the hypervariable (i.e. species 
specific) regions of the 16S rRNA gene. By detecting a tag incorporated into one primer 
prior to PCR, DNA sequencing machinery can only detect tagged DNA fragments.  
These are therefore constrained to one end of the PCR product.  The length of the 
fragment depends on the first site of the restriction endonuclease in the PCR product 
(Bruce & Hughes, 2000). A mix of these bands (known as Terminal-Restriction 
Fragments; T-RFs) is produced from PCR products amplified from DNA extracted from 
a community.  A virtual image of the gel is created by the DNA sequencer with the size 
and intensity of the T-RFs calculated.  T-RF sizes can then be matched with in silico 
predicted T-RF libraries (Rogers et al., 2003) for an inferred identification of species. 
Whilst it is possible that two species will have the same sized fragment, this is unlikely 
in CF sputum sample analysis (Rogers et al., 2003). 
To achieve a more conclusive identification of the bacterial species present, 
defining the 16S rRNA gene sequences that are present is required (Dickie & FitzJohn, 
2007).  This allows direct comparison with reference sequences of known species 
(Souza et al., 2006).  These reference sequences are from known bacterial species and 
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uploaded into extensive databases such as the Ribosomal Database Project (Maidak et 
al., 1994) and GenBank (Altschul et al., 1990).   
There are a number of ways to generate this 16S rRNA sequence information, 
including clone library or next-generation sequencing.  Both of these methods are based 
upon the amplification of a region of the 16S rRNA gene as described above.  
Differences lie in the method used to separate the individual gene sequences.  
These techniques have successfully investigated the presence of bacterial species 
in samples taken from the CF airways.  They cannot however, inform directly as to the 
type or degree of ecological mechanisms present.  As such, one approach to this is by 
direct manipulation of the bacterial species through culture based methods.  
1.4 Experimental approach 
Obtaining a relevant measure of biodiversity 
To construct BEF experiments using direct manipulation of bacterial species, an 
isolation step is first required.  Isolation of bacteria from CF sputum samples is 
routinely performed by hospital pathology laboratories using a set of standard operating 
procedures (UK Standards for Microbiology Investigations, www.hpa.org.uk).  A range 
of solid media under specified growth conditions is used to isolate species that have 
been considered important in lung disease progression.  Information from culture is 
relayed to the clinicians for assessment and treatment of the patient.   
In the context of ecological experimentation, the ecology of any system is 
intricately related to factors such as the evolution of each component species.  This 
becomes a circular phenomenon with the evolutionary path of an organism being driven 
by the organism’s immediate ecology (Figure 1.2).  Therefore, to infer meaningful 
parallels with communities in CF airway infection, deriving bacteria with “experience” 
of the CF airways and bacterial communities may be important when establishing BEF 





Figure 1.2: Levels of ecological organisation as adapted from Atlas & Bartha 
(1998).  This Figure illustrates basic ecological organisational levels.  The individual is 
the simplest; a population is made up of many individuals of the same species.  The 
community, is a product of two, or more, populations interacting. Finally the ecosystem 
is a result of the community interactions whilst taking into account the interactions with 





Culture methodologies for clinical microbiology and direct manipulation 
The species regarded traditionally as pathogens, described above as B. cepacia 
complex, H. influenzae, P. aeruginosa, S. aureus and S. maltophilia (Lyczak et al., 
2002), are frequently cultured from CF sputa.  Culture methods were the only way of 
detecting and, in turn, identifying bacterial species prior to the wide-spread use of 
culture independent techniques.  Despite the range of species detected, P. aeruginosa 
has been considered to be the single most important pathogenic species by many 
researchers (Aaron et al., 2004; Goddard et al., 2012) in the airways.  Culture-based 
techniques have however, been developed further at least as research tools. Through 
application, an increased diversity of bacterial species have been isolated from samples 
taken from the CF airway (Coenye et al., 2002; Sibley et al., 2011).  Although the 
number of bacterial species isolated can be increased with the use of anaerobic culturing 
conditions, the majority of dominant bacterial species can be cultured using aerobic 
conditions alone (Guss et al., 2011).   
Identification of isolates 
The identification of bacterial isolates is primarily performed in a research 
context using 16S rRNA gene sequence analysis (Dickie & FitzJohn, 2007) as above 
and matching the unknown sequence to a reference sequence in a database (Souza et al., 
2006).   
Assessing the community function is different to the biodiversity 
Assessing the diversity within a system and actually obtaining information about 
the ecological process are different.  Although information about specific processes can 
be found by genotypic means (e.g. Siciliano et al., 2003), the most common way is to 
investigate the phenotype of the community.  This has been commonly accomplished 
using respiration, detected by either the BIOLOG (Yang C. et al., 2011) or 
MicroResp™ systems (Lawrence et al., 2012). 
Although both of these systems monitor the respiration of the community, the 
mechanism by which they do this is different.  The MicroResp™ system uses a 
colorimetric change to detect the percentage of carbon dioxide (CO2) present within the 
closed system.  This method has been considered to give a rapid measurement of the 
productivity of the bacterial assemblage present in the experimental environment 
(Campbell et al., 2003).  An advantage of this method is the ability for the researcher to 
manipulate diversity of the starting inoculum.  In addition to this manipulation, the 
experimental substrate and other factors can also be controlled.  
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The substrate in which bacterial assemblages grow has been shown to affect 
how the species present interact with each other (Kuemmerli et al., 2009) and changes 
in the environment have been shown to promote stress responses by mechanisms such 
as gene regulation (Schimel et al., 2007).  In a clinical setting, bacterial species and 
assemblages have been shown to adapt to the host environment over the course of 
chronic infections such as those found in CF airways (Yang L. et al., 2011).  It has also 
been shown that in spatially limited environments, such as those created in biofilms, 
that synergistic interactions allow a bacterial community to better utilise nutrients (Elias 
& Banin, 2012). 
The BIOLOG system uses fixed single carbon sources thus allowing large 
amounts of phenotypic data to be generated.  The measure of respiration in this system 
also uses a colorimetric detection system.  In contrast to the MicroResp™ system, the 
BIOLOG system measures a redox reaction linked with respiration through the 
utilisation of a redox reaction indicator which is retained as a purple solid inside 
bacterial cells once reduced (Garland & Mills, 1991).  Therefore, this method also takes 
into account the cell density of the bacterial species.   
1.5 Aims 
The current literature on the microbiology of the CF airways has detailed a 
spatially constrained environment with a relatively high diversity of bacterial species.  
To date, few studies have identified how the bacterial species interact between within an 
assemblage.   This study will focus on the interplay between bacterial species in in vitro 
microcosms as shaped by a set of defined variables for testing.   
The studies in the following chapters distinguished the effects of biodiversity in 
terms of three components; first, the increased function observed as a result of more 
species. This was called linear richness with new species potentially bringing new 
functions and extending the ability of the assemblage to utilise resources.  Second, the 
change in function as related to specific species or combinations thereof.  This was 
termed composition.  Third, with increased numbers there is increased scope for 
interactions.  A key challenge here was to conduct an experiment that could distinguish 
and assess these three mechanisms by which species richness influences ecosystem 
function. 
The overall aim was to assess the impact of bacterial biodiversity on the total 
respiration.  The hypothesis tested over the course of this study was that increasing the 
number of species will have a positive effect on the respiration measured. 
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The aim of Chapter 3 was to create a pool of bacterial species isolated from CF 
sputum samples, and to optimise a reproducible method to measure accurately the 
respired CO2 generated.  The final aim of Chapter 3 was to pilot and adapt a statistical 
model for the accurate analysis of data generated from BEF experiments.  Chapter 4 
aimed to assess the impact of biodiversity on total assemblage respiration and to 
investigate the effect of environmental changes, nutrient source and viscosity, on the 
impact of biodiversity.  The aim of Chapter 5 was to assess the impact of phenotypic 
diversity, using assemblages of P. aeruginosa, on total microcosm respiration.  Finally, 
the aim of Chapter 6 was to assess the type of interactions present within communities 






2. Materials and Methods 
2.1  Clinical samples 
Sputum samples were provided under full ethical approval (NHS REC number: 
08/H0502/126) by adult CF patients attending the Adult Cystic Fibrosis Centre at 
Southampton General Hospital, UK.  Three sputum samples were obtained from two 
stable CF patients (both female, ages 29 and 38 years).  In order to disrupt the matrix of 
the sputum, samples were processed immediately by mixing with an equal volume (~2 
ml) of Sputasol (Oxoid Ltd., Basingstoke, UK) and held at room temperature for five 
minutes.  A ten-fold dilution series of this sputum - Sputasol mixture was created by 
serial dilution in sterile Phosphate Buffered Saline (PBS, pH 8.0; Oxoid).  A 2 ml 
portion of the sputum-Sputasol mixture was stored at -80°C in 40% v/v glycerol 
(Sigma-Aldrich, Gillingham, UK) and 0.25M NaCl (Sigma-Aldrich).   
Mueller-Hinton broth (MH; Oxoid Ltd.) and Blood Agar (BA; Oxoid Ltd), were 
chosen as suitable non-selective media (Coenye et al., 2002). Both BA and MH agar 
plates were inoculated with 20 µl of the serially diluted suspension and were incubated 
at 33˚C for 36 hours using standard operating procedures (UK Standards for 
Microbiology Investigations, www.hpa.org.uk) from the Health Protection Agency 
(HPA) Southampton.  After incubation, colonies (~ 15 per dilution) were randomly 
selected.  Random selection was performed by using an approach with randomly placed 
line advancing across the plate.  To ensure that pure bacterial cultures were collected, 
repeated streak plating of single colonies was performed. Pure colonies were stored at -
80°C in a bead-based cryo-protection system (Protect™ tubes, Technical Service 
Consultants Ltd., Lancashire, UK). 
2.2  Growth media  
Bacterial isolation 
Two solid media were used to isolate bacterial species from sputum samples 
(described above).  These were BA and MH agar.  These media were chosen in order to 
use “non-selective” media.  These media have also been used previously in studies 
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(Coenye et al., 2002) and at the HPA Southampton to facilitate the isolation of a broad 
range of bacterial species from CF sputum samples. 
MH broth (Oxoid Ltd.) was prepared according to the manufacturer’s instructions 
(21 g/l) and sterilised by autoclaving at 121°C for 15 minutes.  For BEF experiments 
and for DNA extraction, bacterial isolates were grown in 20 ml sterile MH broth 
overnight at 37°C shaking at 110 rpm. MH agar plates were prepared with MH broth 
supplemented with 1.2% (w/v) technical agar (both Oxoid Ltd.) and sterilised by 
autoclaving at 121°C for 15 minutes. Blood Agar (BA; Oxoid Ltd.), plates were 
purchased pre-prepared from Oxoid.  
Experimental substrates  
Two liquid growth substrates were chosen as the media for BEF experiments: 
1. Tryptone water (Oxoid Ltd.) 30 mg/ml in (x1) M9 buffer (Sigma-Aldrich), 
sterilised at 121°C for 15 minutes 
2. Defibrinated Horse Blood (DHB; Oxoid Ltd.) 2.4% (v/v) in (x1) M9 buffer 
(Sigma-Aldrich). The DHB was purchased sterile from Oxoid and added to 
sterilised M9 buffer when cooled to 50°C 
The sterility of all components was assessed by plating 50 µl of the medium 
prepared onto a MH agar plate. Sterility was inferred if no growth was observed on the 
plates after overnight incubation at 37°C. This was further supported by no growth in 
the control wells of each experiment.  
Choice of Experimental Substrates 
For the experiments presented in Chapters 4 and 5, the aim was to conduct them 
on two contrasting growth substrates which had a relevance to the lung environment. 
Given the nature of the CF lung, various mucin based media were evaluated but were 
found to be both difficult to manipulate and standardise. This was due to variability in 
the supply, incomplete dissolving in water and issues arising from lack of sterility. A 
specialised medium that aimed to imitate the nutrient content in the CF sputum (Palmer 
et al., 2007) was also evaluated. This medium was not taken forward due to the high 
number of components that were easily utilisable by many species.   
Tryptone Water and DHB were chosen as two contrasting growth substrates for 
the BEF experiments. M9 buffer was used to dilute and buffer both nutrient sources.  It 
was decided that the first nutrient that would be investigated was a simple carbon source 
yet one that still was capable of supporting growth of a broad range of species isolated 
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from the human body.  Tryptone Water provided amino acids, in various peptide 
lengths, vitamins and salt at neutral pH (~7.2).  Vitamins are included to support the 
growth of bacterial species and NaCl is included for osmotic balance. The assorted 
amino acids are created from tryptic digests of casein (in dried milk), a complex of 
proteins found in mammalian milks.   
The second nutrient source tested was required to contrast the first.  Therefore, a 
medium that was predicted to have a more recalcitrant carbon source that required high-
energy expenditure for utilisation was chosen.  DHB is widely used in blood agar for 
clinical samples, although generally it is used as a nutrient source to investigate iron 
acquisition. Moreover, it has been suggested that during infections, some bacterial 
species actively target erythrocytes and haemoglobin for nutrient iron (Pishchany & 
Skaar, 2012). Horse blood is taken from specially-bred animals maintained on a high 
protein diet.  The blood is extracted aseptically to avoid sterilization that would lyse the 
erythrocytes and cause haemolysis.  Fibrin is mechanically removed, to prevent clotting, 
without lysis of other blood components.   This was chosen as a contrast to the Tryptone 
Water as the DHB possessed a more recalcitrant carbon source.  DHB is used in the 
isolation of many human pathogens therefore it is known to support bacterial growth as 
a solid medium. 
Altering the viscosity of the experimental substrates 
Enhanced viscosity versions of the experimental substrates were made by addition 
of 0.1% (w/v) of purified agar (Oxoid Ltd.) to liquid media. In the case of Tryptone 
Water, all the constituents were autoclaved together (Tryptone water, M9 and purified 
agar) at 121°C for 15 minutes.  For the DHB, the M9 buffer with purified agar was 
autoclaved at 121°C for 15 minutes prior to the addition of the horse blood.   
Preliminary data (not shown) indicated that a small increase in the viscosity of the 
environment was able to change the significance of at least one ecological mechanism 
on respiration.  The increased viscosity environment was included to reduce potential 
bacterial movement and diffusion of nutrients. This environment was called the 
“constrained” environment.  In the liquid environments, the bacteria had a greater 
opportunity to mix with other species.  This environment was referred to as the “mixed” 
environment hereafter.   
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2.3 DNA extraction 
DNA was extracted using a protocol adapted from Rogers et al. (2003) outlined 
briefly below.  All chemicals used in this procedure were sterilised prior to use either by 
autoclaving or sterile filtration (0.2 µm pore, Sartorius AG, Gottingen, Germany).   
Bacterial cells from liquid cultures were pelleted by centrifugation at 5,600 x g for 
five minutes at room temperature.  The pellet was resuspended in 900 µl PBS (Oxoid). 
A single sterile 3 mm tungsten bead (QIAgen, Crawely, UK) and 0.2 g of 0.2 mm acid 
washed glass beads (Sigma-Aldrich, Gillingham, UK) were added together with 200 µl 
of 500 mM guanidium thiocyanate (Sigma-Aldrich), 100 mM EDTA pH 8.0 (Applied 
Biosystems, Carlsbad, CA, USA), 0.5% (w/v) N-lauryl-sarcosine (Sigma-Aldrich) to 
the bacterial suspension.  The suspension was homogenised for 45 s at 6.0 m/s in a 
FastPrep™ machine (MP Biomedicals, LLC, Solon, OH, USA).  Samples underwent 
two cycles of heating and cooling to 90˚C and -20˚C respectively for five minutes at 
each temperature.  Cell debris was pelleted by centrifugation at 13,100 x g for 10 
minutes at room temperature (all subsequent centrifugation steps were performed at 
room temperature unless otherwise stated).  The supernatant was removed and was 
added to polyethylene glycol (final concentration 10%; Sigma-Aldrich) and sodium 
chloride (final concentration 0.5 M; Sigma-Aldrich) and stored at 4˚C for one hour.  
The precipitate was pelleted by centrifugation at 13,100 x g and the supernatant was 
discarded.  The pellet was resuspended in 500 µl distilled water and 300 µl phenol: 
chloroform: isoamyl alcohol (proportions 25:24:1; Fisher Scientific Ltd., 
Loughborough, UK) was added to the resuspended pellet.  The mixture was vortexed 
until “creamy” and centrifuged at 13,100 x g for 5 minutes.  The resulting aqueous 
phase was drawn off, mixed with one volume isopropanol (Sigma-Aldrich) and 0.1 
volumes ammonium acetate (final concentration 0.25 M, Fisher Scientific Ltd.) and 
stored at -20˚C for one hour.  A pellet was obtained by centrifugation at 13,100 x g for 
10 minutes.  The supernatant was discarded and the pellet washed in 70% ethanol and 
air-dried before being resuspended in 50 µl nuclease-free water (Invitrogen, Paisley, 
UK).  For every round of extractions, a negative control sample, containing fresh 
nuclease-free water, was processed. 
2.4  Amplification of a region of the 16S rRNA gene 
Amplification of the bacterial 16S rRNA gene was carried out using universal 
primer set; 8f (5'-AGA GTT TGA TCC TGG CTC AG-3'; Liu et al., 1997) and pH’ (5’- 
AAG GAG GTG ATC CAG CCG CA-3’; Bruce et al., 1992).  For T-RFLP work, 
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primer 8f was labelled at the 5'end with IRD700 dye (VHBio, Gateshead, UK); primer
 
pH’ (Invitrogen) was unlabelled.  For amplicons that were to be to be sequenced, the 
forward primer (8f) was also unlabelled (Invitrogen).  These primers bound to regions 
close to either end of the gene.  This set was therefore able to amplify almost the entire 
16S rRNA gene. 
PCR mixtures comprised of 12.5 µl of RedTaq Readymix (Sigma-Aldrich; 10 
mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5
 
mM MgCl2, 0.001% gelatine, 0.2 mM of each 
deoxynucleotide triphosphate and 1 unit of Taq DNA polymerase) and 0.2 µM of both 
primers.  Template DNA (typically c. 50-100 ng) and sterile nuclease-free water was 
used to make the final reaction volume a total of 25 µl.  PCR conditions were those 
described in Liu et al. (1997); initial denaturation at 94˚C for three minutes, followed by 
35 cycles of 94˚C for 30s, 56˚C for 45s and 72˚C for two minutes and ended by a seven 
minutes final extension at 72˚C.  All PCRs were carried out using an AB 2720 Thermal 
Cycler (Applied Biosystems) 
2.5  Agarose gel electrophoresis 
All amplified DNA products were separated by using Tris-acetate-EDTA (TAE)-
1% (w/v) agarose gel (Bioline, London, UK) electrophoresis at 160 volts for 35 minutes 
in TAE buffer.  DNA was stained with 10 µg/ml GelRed
TM
 (Biotinium, Hayward, CA, 
USA) and visualised on a UV (λ = 362nm) transilluminator (Alpha Innotech, Santa 
Clara, CA, USA).  Restriction digest fragments (see below) were visualised after TAE-
2% (w/v) agarose gel electrophoresis at 120 volts for 65 minutes in TAE buffer.  The 
DNA size marker (100 - 10,000 bp) used for all TAE-agarose gel electrophoresis 
procedures was the MassRuler
TM
 Express DNA Ladder, Mix, Forward (Fermentas, 
York, UK). 
2.6  Terminal Restriction Fragment Length Polymorphism (T-RFLP) 
analysis 
Restriction endonuclease digestion 
PCR products (c. 150 ng) were digested to completion using 1 unit of the 
restriction endonuclease HhaI (New England Biolabs, Ipswich, MA, USA) for 5 hours 
at 37˚C, in accordance with manufacturer’s instructions.  Restriction reactions were 
carried out in an AB 2720 Thermal Cycler (Applied Biosystems) followed by heating to 




T-RFLP analysis was performed as previously described in Rogers et al. (2003). 
Digestion of the amplified products was performed as above. Approximately 0.7 µg T-
RFLP PCR products
 
were separated by length using a 25x25x0.2cm polyacrylamide gel 
(8% v/v SequaGelXR denaturing
 
acrylamide gel (National Diagnostics, Hessle, UK), 
8.3 M urea, 10% formamide and 0.5x Tris-Borate-EDTA (National Diagnostics) buffer.  
Polymerisation was initiated using 125 µl 10% ammonium persulphate (National 
Diagnostics) and 12.5 µl TEMED (BioRad, Hemel Hempstead, UK)).  Data were 




 automated DNA sequencer (LI-COR Biosciences, 
Nebraska, USA) set at 55°C
 
and 1,200 V. Bands were included in the analysis if they 
were >0.1% of the total DNA signal in a given lane (Rogers et al., 2004).  The position 
of each band
 
was calculated in relation to the microSTEP 15a (700 nm) size
 
marker 
(Microzone, Haywards Heath, UK) using the image analysis software Phoretix
™
 1D 
(Nonlinear Dynamics Ltd, Newcastle, UK). 
2.7  16S rRNA gene sequence analysis 
Following amplification of the 16S rRNA gene region as described above, 
sequencing was performed commercially (Macrogen Ltd., Seoul, South Korea).  The 
sequences were trimmed to a uniform length of 550 bp.  Species nomenclature was 
assigned to the closest match on GenBank by using BLASTN 
(http://ncbi.nlm.nih.gov/blast/) and confirmed using the Ribosomal Database Project 
(RDP) using SeqMatch (http://rdp.cme.msu.edu/).  Taxonomic identities were assigned 
by >97% sequence identity to an existing sequence present in the GenBank database.  
2.8  Growth and construction of bacterial assemblages 
For BEF experiments, bacterial broth cultures were grown and prepared for 
inoculation into assemblages where the initial densities and species diversity were 
controlled.  Prior to the start of the experiment, the species selected (details in Chapter 
3a) were each inoculated into 20 ml MH broth.  These cultures were incubated at 37°C 
and shaken overnight at 110 rpm in a Unitron shaking incubator (Infors-HT, Reigate, 
Surrey, UK).  The overnight cultures were inoculated, 1:20, into 2 x 20ml fresh portions 
of sterile MH broth.  The two cultures were used as independent replicates. These were 
incubated for 1.5 hours at 37°C, shaken at 110 rpm, until broth optical densities 
measured at 600nm (OD600) reached between 0.8-1.0 using a Jenway 6300 
spectrophotometer (Bibby Scientific Ltd, Staffordshire, UK).  Bacterial suspensions 
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were pelleted by centrifugation for 5 minutes at 5,000 x g and the supernatant discarded.  
Cell pellets were washed twice in 1x M9 minimal salt solution (M9; Sigma-Aldrich).  
The OD600 was adjusted to 0.1 (approximately 1x10
5
 colony forming units (cfu) per ml) 
by resuspending the pellet in an appropriate volume of M9.  The diversity of the 
experimental inocula was manipulated by mixing these cultures.  Of these mixtures, 100 
µl portions were inoculated into 400 µl of the experimental medium resulting in a 1:4 
dilution of the culture.  The number of bacteria entered into each experiment was kept 
constant at approximately 1x10
4
 cfu per 500 µl experimental microcosm.  This was kept 
constant regardless of the number or composition of species.  Therefore as the number 
of species increased, the size of each of the individual species inocula decreased.  
Microcosms were inoculated with one, two, three, four, six or 12 species (see Chapter 
3c for full details) into a 1.2 ml-deep 96-well plate containing the experimental medium 
in the volumes stated above.  Each set of microcosm mixes comprised of 28 
microcosms (Partitions), with each independently replicated twice. 
2.9  Measurement of CO2 production 
Full details of the CO2 measurements and calibration of the method can be found 
in Chapter 3b, briefly; CO2 production was measured by the MicroResp
™
 Soil 
Respiration System assay (Macaulay Scientific Consulting Ltd., Aberdeen, UK).  This 
assay used a pH indicator, Cresol Red, within a buffered gel to measure the 
concentration of CO2 dissolved in the gel.  The deep-96-well, containing the inoculated 
medium, and 96-well plates, containing the indicator gel, were sealed together using 
specifically designed rubber seal and clamps (Macaulay Scientific Consulting Ltd.).  All 
indicator plate absorbance readings were taken (λ = 572 nm) using a Spectramax 190 
plate spectrophotometer (Molecular Devices, LLC, Sunnyvale, CA, USA).  
2.10  EcoPlate™ community level phenotypic profiling 
Bacteria were grown overnight from frozen stocks in sterile Luria-Bertani (LB; 
Oxoid Ltd.) broth at 37°C shaking at 110 rpm.  Overnight cultures were centrifuged at 
5,000 x g for 5 minutes and the supernatant was discarded.  The pellet was re-suspended 
in sterile 1x M9 buffer (Sigma-Aldrich) and the centrifugation step repeated.  OD600 
readings were taken and the appropriate volume diluted in Inoculating Fluid-A (IFA; 
www.biolog.com, BIOLOG, Hayward, CA, USA) to reach an equivalent OD600 of 0.01.  
Of the IFA-culture, 100 µl was pipetted into each well of the EcoPlate™ (BIOLOG) in 
accordance with manufacturer’s instructions.   
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The EcoPlates™ were 96-well plates comprised of 31 sole carbon sources and 
one negative, no-substrate, control, in triplicate. According to manufacturer’s 
instructions, the EcoPlates™ and sterile IFA were stored in the dark at 4°C until use. 
Each set of assays was independently replicated twice.  The EcoPlates™ were incubated 
at 37°C with OD590 readings (Yang C. et al., 2011), measured using a SpectraMax 190 
spectrophotometer (Molecular Devices).  The lengths of incubation varied between 
studies but were either 24 or 48 hours.   
2.11 Statistical analysis 
All statistical analyses were performed using the R statistical programming 
package (v2.12.2 - 2.13.0; www.R-project.org).  Statistical analyses using general linear 
models are described in detail in Chapter 3c.  The general linear models were tested for 
the homogeneity of variances and the normality of the residuals.  These were assessed 
visually and confirmed using the Fligner-Killeen test for homogeneity of variances and 
the Shapiro-Wilk test for normality of errors (further details in Chapter 4).  
All hierarchical cluster diagrams, drawn using the complete linkage method, in 
this thesis were calculated using the Jaccard’s similarity coefficients converted to give 
the Jaccard’s distances (eq.1): 
 
 = 1 − 	        [1] 
 
where: a = the number of positive values shared between two microcosms, b = number 
of positive values unique to the first microcosm, and c = number of positive values 








Chapter 3 reports the choice and optimisation of methodological procedures 
essential for the biodiversity and system function experiments reported in this thesis.  
The chapter is divided into three sections; a) the isolation and choice of bacterial strains, 
b) the optimisation and calibration of the respiration assay and c) the explanation of the 





3. a. Isolation of bacterial species 
3.1  Introduction 
This study sought to manipulate bacteria from CF airways into assemblages 
varying in diversity. Here, the isolation of CF sputum associated bacteria is reported.  
Bacteria have been isolated from the CF airways since the recognition of the disease by 
Andersen in 1938 (in Mearns et al., 1972).  Although these initial studies predominantly 
identified Staphylococcus aureus and Pseudomonas aeruginosa as common, the role of 
bacteria in the progression of lung damage was widely discussed (Mearns et al., 1972).  
More recently, some other species have been considered pathogenic due to correlations 
with their routine culture from CF patients and worsening symptoms (Burns et al., 
1998).  CF lung disease has been considered both a polybacterial & polymicrobial 
infection (Harrison, 2007).   
Culture-independent techniques have provided additional information on the 
species present. These methods have also shown that there is a higher diversity of 
bacterial species in the CF lung than previously identified by culture (Rogers et al., 
2003).  Culture-independent methodologies have identified as yet “uncultured” bacterial 
species, which in turn resulted in culture-independent techniques being increasingly 
used over culture methods for the study of bacterial communities (Rogers et al., 2009).  
Despite this, studies have shown that the culture of bacterial isolates from CF samples 
can yield a large degree of diversity (Coenye et al., 2002; Guss et al., 2011; Sibley et 
al., 2011).  
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3.2  Materials and Methods 
Clinical samples and bacterial isolation 
Three clinical CF sputum samples were taken in this study to isolate bacteria 
(Chapter 2.1).  An isolate of Stenotrophomonas maltophilia from a third patient (female, 
age = 56) attending the same CF Centre (Chapter 2.1) was also included in this study. 
DNA extraction and amplification 
DNA extraction and amplification was performed as previously described 
(Chapter 2.3 and 2.4 respectively).  
16S rRNA gene sequence analysis 
The 16S rRNA gene was analysed using Terminal Restriction Fragment Length 
Polymorphism (T-RFLP) and sequence analysis as previously described (Chapter 2.6 
and 2.7 respectively). 
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3.3  Results 
Bacterial cultures 
Following the inoculation of BA and MH agar with dilutions of sputum samples 
diverse bacterial colonies were detected after 36 hours incubation.  From the colony 
counts and dilutions it was determined that there was between 1 x 10
6
 and 1 x 10
8
 cfu 
per ml present in the sputum samples.  Using data from a pilot study, where 60 isolates 
yielded eight isolates with distinct 16S rRNA gene sequences, a total of 155 isolates 
were randomly selected for further study.  Isolates were purified by streak-plating and 
single colonies selected for cryo-storage and DNA extraction.  DNA was extracted from 
these 155 purified isolates and a region of the 16S rRNA gene was amplified in each 
case.   
Bacterial identification 
Later experiments relied on T-RFLP to distinguish rapidly between different 
species of bacteria within microcosm assemblages.  As such, it was important from the 
outset to be able to differentiate the species by using T-RFLP profiling.  Initially, T-
RFLP profiling was performed on the amplified 16S rRNA gene from each isolate.  
Each amplification and endonuclease restriction was independently replicated twice on 
the DNA extracted from each isolate.  The Terminal-Restriction Fragment (T-RFs) 
lengths were found for each isolate and T-RFLP profiling provided tentative species 
identification utilising a database developed by Rogers et al. (2003).   A total of 155 
random isolates were selected between the two patients with 126 and 29 isolates picked 
from the cultured samples from the first and second patient respectively. Of the 155 
isolates, 69 were identified as Gram-negative bacterial species (Table 3.1).  These were 
divided into five distinct species from five genera.  The remaining 86 isolates were 
identified as 11 distinct Gram-positive species from four genera.  These isolates were 
representative of 5.6% the total number of isolates cultured from the sputum samples.   
For a more detailed phylogenetic classification, the 16S rRNA gene for 94 isolates 
was sequenced. These 94 isolates spanned across all of the different T-RF groups, with 
at least one of each group sequenced.  The 16S rRNA genes sequences were matched to 
reference sequences, as previously described, to assign a taxonomic identity to each 
isolate group (Table 3.1).  From the 155 isolates, the most frequently isolated bacterial 
species was identified as Pseudomonas aeruginosa with 40 isolates.  Of these, 
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phenotypic analysis showed that it was possible to obtain 12 phenotypically distinct 
isolates (ecotypes) within the same species.  These P. aeruginosa ecotypes were further 
investigated (Chapter 5).  The next most common isolate was found to be Streptococcus 
salivarius with 28 isolates.  Burkholderia cepacia
1
, Staphylococcus aureus and 
Streptococcus pseudopneumoniae were found to be the next most abundant species with 
15, 14 and 12 isolates respectively. 
From the sequence analysis, 17 species were identified.  Of these species, five 
were Gram negative; Achromobacter xylosoxidans, Acinetobacter baumannii, B. 
cepacia, Serratia marcescens and P. aeruginosa. Twelve species were Gram positive; 
Enterococcus faecium, Micrococcus luteus, S. aureus, Staphylococcus capitis & 
Staphylococcus haemolyticus and Streptococcus gordonii, Streptococcus mitis, 
Streptococcus oralis, Streptococcus pneumoniae, S. pseudopneumoniae, S. salivarius 
and Streptococcus sanguinis.   
An isolate of Stenotrophomonas maltophilia was added to this collection from a 
third female CF patient (see section 3.2) isolated by the HPA Pathology Laboratory in 
Southampton General Hospital.  The isolate was confirmed to be S. maltophilia by 16S 
rRNA sequencing as described previously.   
Selection of bacterial species for experimentation  
From the species pool above, a group of the bacterial species were chosen to be 
included in the BEF experiments.  Whilst the data are not included in this thesis, initial 
experiments were conducted using assemblages of up to eight species.  The results of 
this pilot study indicated that at the maximum richness level of eight, the respiration 
continued to rise with no clear indication of reaching an asymptote.   
To enable the experimental system to gather the maximum amount of 
ecologically relevant data, 12 species were chosen.   As will be explained further in 
Chapter 3c, the highest number of richness levels that could be created with a collection 
of 18 isolated species is six.  The same number of richness levels can also be achieved 
by using 12 species.  The decision to increase from eight to 12 species, rather than from 
eight to 18, was based on the most efficient yield of ecological data.  Twelve species 
was also more practical when starting the experiment at this required fewer assays to be 
measured.  As such, 12 were selected at random for use in the later experiments.  These 
12 species are indicated in Table 3.1 by the addition of a “Sp” followed by a number.   
                                                 
1
 Members of the Burkholderia cepacia complex have been shown to not be differentiated fully by the 




  In some cases, multiple isolates had been identified as isolates of the same 
species (Table 3.1).  From each set of isolates, one was selected at random. By selecting 
a single isolate from each taxonomic group, the effect of diversity between species 
could be investigated (Chapters 4 and 6).  Further study (Chapter 5) was designed to 
investigate the diversity within a species.  Confirmation of the taxonomic identity of the 
selected isolates was performed by 16S rRNA gene sequencing and matching to 







Taxonomic identifier Acc. No. Seq.ID 
Sp. 
ID. 
1 40 156 
Pseudomonas 
aeruginosa 






HQ238831 100.0 Sp2 
3 15 212 Burkholderia cepacia GU048852 100.0 Sp3 
4 5 563 
Achromobacter 
xylosoxidans 
AF531768 99.1 Sp4 
5 3 205 
Acinetobacter 
baumannii 
HQ844640 98.8 Sp5 
6 6 370 Serratia marcescens GQ981178 100.0 Sp6 
7 5 216 Enterococcus faecium AJ420800 100.0 Sp7 
8 4 237 
Staphylococcus 
haemolyticus 
JF895185 100.0 Sp8 
9 1 238 Staphylococcus capitis FJ357580 99.9 - 
10 14 235 Staphylococcus aureus FJ899095 100.0 Sp9 
11 2 541 Streptococcus gordonii AY281077 99.8 - 
12 12 577 
Streptococcus 
pseudopneumoniae 
FJ823145 99.8 - 
13 9 574 Streptococcus mitis AF003929 99.5 Sp10 
12 4 577 
Streptococcus 
pneumoniae 
AY525788 99.5 Sp11 
14 2 578 
Streptococcus 
sanguinis 
NR_024841 99.4 Sp12 
15 4 579 Streptococcus oralis GU045379 99.9 - 
16 28 581 
Streptococcus 
salivarius 
AY188352 99.9 - 
17 1 175 Micrococcus luteus AJ536198 100.0 - 
Table 3.1: Identification of the 155 bacterial isolates obtained during this study.  
The T-RF group, abundance and size are presented alongside the closest match 
taxonomic identity, GenBank accession number and sequence identity (Seq.ID) of the 
reference and unknown sequences.  For strains which were matched to more than one 
reference strain, Sp. ID indicates the abbreviated identifier given to these strains when 
reported in experiments below. 
                                                 
2
 Obtained from the HPA Southampton as described in 3.2 
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3.4  Discussion 
The aim of this preparatory work was to isolate and identify a diverse set of 
clinically derived bacterial species from CF sputum samples.  It was determined, 
through pilot studies, that the number of bacterial species required for the following 
experiments was at least 12. 
The isolation of these bacterial species was conducted using non-selective solid 
media, BA and MH agar, in aerobic conditions with approximately 1x 10
7
 viable cells 
detected.  This number of viable bacterial cells is consistent with previous studies (Pye 
et al., 1995; Stressmann et al., 2011b).  From these viable cells, a collection of 155 
isolates were randomly selected and yielded isolates of 18 genetic groups of 16S rRNA 
gene sequences.  Of these isolates, P. aeruginosa, B. cepacia, A. xylosoxidans, and S. 
aureus are routinely cultured from CF sputum samples (Lyczak et al., 2002; LiPuma, 
2010).  With one exception (discussed below) the species isolated and identified have 
all been associated with human respiratory disease (Maeda et al., 2011).  The exception 
is M. luteus.  Although this bacterial species has been linked to human infection (Hirata 
et al., 2009), it has never, to the best of knowledge, been implicated as an aetiological 
agent of respiratory disease.  
As found previously in a number of studies (e.g. Coenye et al., 2002; Sibley et 
al., 2011), direct non-selective culturing of bacteria from sputum samples can isolate 
reasonable diversity from CF patients.  One bacterial species that was not cultured but 
has been regarded as a key pathogen in CF airway disease was S. maltophilia (Lyczak et 
al., 2002).  In order for the experimental assemblages (introduced in later Chapters) to 
be able to study the ecology of CF related bacteria better, it was resolved to add this 
species to the collection prior to use in BEF experiments. 
This study encountered some difficulty when using T-RFLP to distinguish 
bacterial species as both S. pneumoniae and S. pseudopneumoniae were found to share 
the same T-RF length of 577 bases.  This issue of identification of microorganisms 
using T-RFLP profiling alone has been previously discussed in Dickie and FitzJohn 
(2007).  They recommended that the T-RFs were used as an initial guide to the diversity 





3. b. Optimisation of the respiration measurement system 
3.1  Introduction 
Many previous BEF experiments have used a measure of productivity as the 
ecosystem function upon which the biodiversity impacts.  With plants, a common 
measure of productivity is biomass (Hector et al., 1999).  Depending on the 
experimental system chosen the measure of the biomass of bacteria can be difficult to 
measure without jeopardising the integrity of the sample.  One commonly used 
alternative is respired CO2 (Bell et al., 2005; Christen et al., 2008; Salles et al., 2009; 
Lawrence et al., 2012).  Bacteria produce CO2 from aerobic respiration and as such CO2 
production has been shown to be closely linked to metabolic activity (Bell et al., 2005; 
Schimel et al., 2007).   
In pilot experiments, CO2 production was measured using titration-based 
methods. In this, CO2 generated by bacterial activity dissolved in aqueous sodium 
hydroxide to form sodium bicarbonate.  The concentration of sodium hydroxide at the 
end of the experiment was quantified by titration using hydrochloric acid. This proved 
to be labour-intensive and not well suited for the large number of microcosms planned. 
An alternative assay was required. One such assay for CO2, referred to as the 
MicroResp™ Soil Respiration System (Campbell et al., 2003) was investigated as a 
potentially more efficient method.  Originally, this system was designed to monitor the 
respiration of soil bacterial communities.  This system had been used for almost a 
decade for this purpose with over 60 journal articles published 
(www.microresp.com/Publications.html).  Moreover, in one recent study, the 
MicroResp™ system has been applied successfully to a BEF experiment (Lawrence et 
al., 2012).  For the studies presented here on clinically-derived species, it was important 
first to establish the system and assess its effectiveness for this purpose. This included 
assessing the reproducibility, the sensitivity and CO2 detection limits. 
In the MicroResp™ system, bacterial cultures forming the microcosm mixes were 
inoculated into the deep-well plate at the point corresponding to “Substrate and bacterial 
assemblage” (Figure 3.1).  During the experiment, CO2 was generated by the growing 
bacterial assemblages.  The CO2 formed passed through the hole in the seal and 
dissolved into the indicator gel in a “Detection well”. The amount of CO2 generated was 
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then recorded by means of a colour change, red to yellow, by a pH sensitive dye within 







Figure 3.1: Schematic diagram of the key features of the MicroResp™ assay 
system.  Adapted from Campbell et al. (2003), this diagram shows the positioning of an 
upper well from the indicator plate in relation to a lower reaction chamber well with 





3.2  Methods 
Assembly of the MicroResp™ Soil Respiration System 
The MicroResp™ system used two plates; one a conventional 96 well plate 
(Sterilin Ltd., Newport, UK) and a 1.2 ml deep-96-well (Sterilin Ltd.) plate. The 96-
well plate contained the Cresol Red indicator gel (see below). The plates were overlaid 
and sealed together using specifically designed rubber seals and clamps (Macaulay 
Scientific Consulting Ltd.) such that a set of 96 extended wells were created (Figure 
3.1). 
Cresol Red indicator gel 
Two protocols were employed to prepare the gel in which the pH indicator was 
located. The first was based on manufacturer’s instructions with the second prepared 
following a period of experimentation.  
To set up the assay, 150 µl of the Cresol Red (VWR International) indicator gel 
was set into each well of a 96-well microtitre plate (Sterilin Ltd.).  The gel was prepared 
following the manufacturer’s recommendation and contained 2.5 mM NaHCO3 (Sigma-
Aldrich), 150 mM KCl (Sigma-Aldrich), 12.5 µg/ml Cresol Red (VWR International) 
and 1% (w/v) agarose (Bioline) in sterile deionised water.  After initial experimentation, 
a second gel was prepared with the concentration of NaHCO3 increased to 5 mM.  All 
other components remained constant. 
The indicator gel was prepared by first dissolving Cresol Red, KCl and NaHCO3 in the 
sterile deionised water to create the indicator solution, and heated to and held at 65°C.  
A 3% (w/v) agarose- gel prepared by heating until dissolved in sterile deionised water 
with the liquid gel then cooled to 65°C.  When both components of the indicator gel 
were at 65°C, the indicator solution was decanted into the gel and mixed thoroughly.  
From here, 150 µl aliquots were transferred to all the wells in the 96-well plate and left 
to cool to room temperature.  To preserve the longevity of the indicator gel, plates 
containing the indicator gel, once set, were stored in the dark in moist conditions for up 
to 72 hours.  The storage of plates in atmospheric conditions is in contrast with the 
MicroResp™ technical manual which states plates should be stored in CO2 deficient 
conditions.  This difference in storage conditions did not however, significantly affect 
the stability of the indicator as shown by time zero absorbance readings (mean of the 
differences = 0.014 A572nm; t6 = 2.16, p = 0.074). 
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Bacterial culture and assays of respiration 
Assessments of the MicroResp™ system were made using a single strain namely 
Pseudomonas aeruginosa NCTC 10332.  Bacterial cells were grown overnight in sterile 
MH broth (Oxoid Ltd.) at 37°C with shaking at 110 rpm.  This overnight culture was 
used to inoculate 20 ml fresh sterile MH broth (1:19 dilution culture: sterile MH broth).  
The fresh culture was incubated at 37°C for 1.5 hours with shaking at 110 rpm.  After 
incubation, bacterial cells were pelleted by centrifugation at 5,000 x g for 5 minutes and 
the supernatant discarded.  The pellet was resuspended in sterile 1x M9 (Oxoid Ltd.). 
This bacterial cell suspension was adjusted to an OD600 of 0.1; approximately 1x10
4
 cfu/ 
ml.  A 100 µl portion of the bacterial suspension was used to inoculate wells containing 
400 µl sterile MH broth prior to sealing the chamber with the indicator plate. 
The system was then incubated at 37°C with shaking at 110 rpm.  Four of the 
bacteria-containing wells were unsealed at each of six time points up to 24 hours (t = 0, 
2, 4, 6, 8 and 24).  The absorbance, at a wavelength of 572 nm (A572nm), of each of the 
unsealed wells was recorded using a SpectraMax 190 spectrophotometer (Molecular 
Devises).  Each time point was repeated twice and independently replicated twice.  
CO2 measurement 
The Cresol Red indicator gel monitored the presence of CO2 within the system 
by responding to the change in acidity caused by dissolved CO2.  The production of acid 
was in equilibrium with the concentration of CO2 present (eq.2). 
 
() +  +	
 ↔ 2
 + 3      [2] 
Increasing  H
+
 ion levels in the gel cause the Cresol Red indicator gel to change colour 
from red to yellow, with this quantified as above.  As the pH of the indicator gel 
decreased, causing the Cresol Red indicator to turn yellow, the absorbance reading 
reduced. 
Calibration  
Calibration was achieved by producing different levels of CO2 (eq.3).  The 
%CO2 present was measured and this correlated against the absorbance of the indicator 
gel.    
 
 + 
 →  + 
 + 
      [3] 
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Ten concentrations of NaHCO3 (Sigma-Aldrich) diluted as a serial 1: 2 dilution 
in sterile deionised water starting with a stock concentration of 500 mM (dilutions were: 
250 mM, 125 mM, 62.5 mM, 31.25 mM, 15.6 mM, 7.8 mM, 3.9 mM and 0 mM) were 
prepared.  A 1 ml volume of each concentration of NaHCO3 was added to an equal 
volume of 1 M HCl (Sigma-Aldrich) in an airtight 40 ml serum bottle (Smith Scientific 
Ltd., Edenbridge, UK) containing three wells of the indicator gel.  The reaction was run 
to completion over 18 hours at 37°C.   
After this time, gas samples from within the serum bottle were analysed by gas 
chromatography (GC) using a thermal conductivity detector (Shimadzu UK Ltd., Milton 
Keynes, UK performed by Dr. Ioannis Vyrides of Imperial College, London).  This 
gave the gaseous percentage composition for both CO2 and nitrogen.  For the same 
exposed wells, the absorbance at 572 nm (A572nm) was measured using a SpectraMax 
190 spectrophotometer (Molecular Devices). This calibration process was 
independently replicated three times. 
Statistical analysis 
All statistical analyses were performed using R (v.2.12.2 - v.2.13.0). 
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3.3  Results   
Detection limits  
 The range of absorbance values over which the indicator was informative were 
determined.  Here, increased CO2 levels correspond to a decrease in pH and absorbance 
values.   The indicator gel recommended by the manufacturers became saturated at a 
mean absorbance of 0.246 A572nm (SD = 0.012, n = 7).  The lower limit of CO2 
detection was any value below the mean negative control absorbance. This was 
established as 0.757 A572nm (SD = 0.050, n = 16) for the original indicator gel.   
Bacterial respiration 
 To assess whether the maximum amount of CO2 measurable (A572nm ≥ 0.246) 
was appropriate for the experiments to follow, a P. aeruginosa culture was grown 
within the system in MH broth.  The result indicated that after 26 hours incubation, the 
bacterial growth had begun to reach stationary phase (data not shown) and absorbance 
of the indicator gel had fallen to 0.387 A572nm (SD = 0.029, n = 6).  Despite this being 
within the tolerance limits, the MicroResp™ manual and Campbell et al., (2003) 
indicated that this absorbance was approaching a non-linear relationship for CO2 
measurement. To ensure that the upper detection limit of the indicator was not likely to 
be reached in later experiments, the decision was taken that the indicator needed to be 
adapted.   
Detection limits of the adapted Cresol Red indicator gel 
 To increase the linear range of the indicator gel in order to measure more acidic 
conditions the concentration of NaHCO3 in the indicator gel was increased from the 
manufacturer’s specification of 2.5 mM to 5 mM.  The detection limits of the new 
indicator gel were tested as before.  These results showed that the adapted indicator gel 
became saturated at 0.190 A572nm (SD = 0.023, n = 4).  A full calibration was then 
performed on this indicator gel combining CO2 measurements based on both absorbance 
values and Gas Chromatography data. 
Calibration of Cresol Red indicator gel 
 The calibration was performed independently three times.  Within each of these 
replications, the A572nm was recorded as the mean of three wells containing the 
indicator gel.  The CO2 within the system was determined by the chemical reaction 
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presented in eq.3.  No-bicarbonate negative controls were also analysed with each of the 
replicates.  The gas chromatograph (GC) determined CO2 (measured as a percentage of 
the total gas volume) values ranged from 0.111 to 5.756 %CO2.  These tests showed 
that the lower limit of detection of %CO2 for the GC was 0.1% (v/v).  The GC results 
showed that as the concentration of NaHCO3 increased, there was an increase in the 
%CO2 detected in the sample.  The calibration also found that the indicator was 
sensitive to a level of 0.01 %CO2 as shown in relation to the change in indicator 
absorbance values.  No significant differences were observed between the replicates (t5 
< -1.41, p > 0.196).  To establish set boundaries for the detection limits of the indicator 
gel, the limits of the GC were used.  As such, the indicator was calibrated to measure 
between 0.11 and 5.76 %CO2 reliably.   
When the %CO2 measurements were plotted against the mean absorbance values, 
the relationship was found to be an exponential one (Figure 2a) with an R
2
 = 0.928.  To 
be able to use this calibration curve to assess the CO2 within a system using the 
A572nm, both axes were transformed using natural logarithms (base = e; eq.4; Figure 
2b).. 
 log( !"# $%&'()*) = 	−0.266 ∗ log(%
) − 0.804    [4] 
This equation was re-arranged in order to be able to calculate %CO2 from the 
A572nm values (eq.5). 
   
%
 = &^ (345(	67	)89:;<=)>.?>@)>.AA       [5] 
Units of Respired CO2 in the Text 
As the headspace in the BEF experiments was constant, the %CO2 (% v/v) was taken as 
the measure of respired CO2. For convenience, this is presented throughout the text as 
units of CO2 (UCO2).  To account for variation in the negative control wells between 
samples, the mean A572nm reading was subtracted from the measurements of the 





Figure 3.2: Calibration of the absorbance (λ = 572 nm) of the indicator gel as a 
function of %CO2.  The calibration is shown with absorbance, measured at a 
wavelength of 572 nm, plotted, against the percentage of CO2 measured in the closed 
system by gas chromatography.  Figure 2a shows the non-transformed relationship.  
Figure 2b shows the relationships after both axes were transformed using the natural 
logarithm. 
  









































3.4  Conclusions 
The aim of this study was to develop a method that would reproducibly and robustly 
calibrate the respiration of a BEF experiment.  The method developed was based on the 
MicroResp™ Soil Respiration System (Campbell et al., 2003) with this forming the 
basis of the measure of system function used here. The results produced by the testing 
of the detection limits of the manufacturer’s indicator gel were consistent with previous 
calibration assays (Campbell et al., 2003; MicroResp™ Technical Manual, 2007).  This 
study also demonstrated the ability of this system to monitor the changes in CO2. 
As shown in previous studies assessing CO2 respiration, the MicroResp™ system 
was also shown here to produce reproducible results.  A modification of the indicator 
dye extended the linear detection range that was needed for future use in BEF studies.  
In addition to the robust calibration over this linear range, the high-throughput nature of 
the methodology was also seen as a clear advantage for the analysis of the many 
microcosms planned here. In short, the fully calibrated pH-indicator detection system 
allowed the measurement of CO2 between 0.1 and 6% (v/v) at an accuracy of 0.01%.  
This also facilitated simple calculations to convert absorbance readings to units of 
respired CO2. Importantly, over the planned experimental time period of 24 hours, the 





3. c. Introduction of the experimental design and general 
linear model analysis 
3.1  Introduction 
Traditionally, the only experimental designs which could unambiguously separate 
linear (species) richness and species composition effects on ecosystem function were 
considered to be the fully factorial designs. In fully factorial designs, each species is 
present in every combination with all the other species.  If a fully factorial design was 
employed for an experiment involving 12 species, there would be over 4000 
experimental units, excluding replicates.  Bell et al., (2005; 2009b) however, produced 
the Random Partitions Design (RPD) as an alternative to fully factorial designs. In these 
papers, the RPD was shown to allow meaningful, practical manipulation and analysis of 
species in experimental microcosms.  These studies analysed the experimentally derived 
differences in ecosystem function by using a General Linear Model (GLM).  A feature 
of this approach is that key experimental factors were shown to be orthogonal (below) 





3.2 The random partitions design 
In the RPD, an experimental Partition is created.  A Partition is a set of distinct 
microcosms in which each species is randomly allocated once to a microcosm mix 
(assemblage) at each of the richness levels tested. The choice of richness levels (R) is 
based upon the numerical factors of the total number of species (N) included in the 
experiment.  
For example (Figure 3.3), for 12 species in an experiment there would be six factors 
(1, 2, 3, 4, 6 and 12) and thus six richness levels (R = 6):  
1. a one species level with 12 microcosms with one species each,  
2. a two species level with six microcosms with two species each, 
3. a three species level with four microcosms with three species each,  
4. a four species level with three microcosms with four species each, 
5. a six species level with two microcosms with six species each and 
6. a 12 species level with one microcosm with 12 species. 
In this example, each of the 12 species was incorporated once at each species 
richness level.  The RPD does not require all available species richness levels (factors of 
N) to be included, although a loss of explanatory power would result by doing so (Bell 
et al., 2009b). Throughout this thesis, all factorial levels will therefore be included 







Figure 3.3: A diagrammatical representation of a single RPD with 12 species. Each 
square represents a single species, with each colour indicating one of 12 species and 
each block of squares represents a microcosm. These three Partitions comprised of 28 





3.3 An example of the RPD analysis using experimental data 
An example of the analysis will now be presented using 12 species.  With 12 
species, each Partition required 28 microcosms (not including replication) and tested 
species richness at six levels (1, 2, 3, 4, 6 and 12).  A fully factorial design at these six 
levels would require 1718 experimental microcosms, not including independent 
replicates. 
The data presented here were derived from three distinct Partitions with assays of 
cumulative respiration over 24 hours in Tryptone Water.  With the three Partitions each 
replicated twice a total of 168 microcosms were analysed.  The identification and choice 
of bacterial species, the details of experimental method, tests of leverage, homogeneity 
of variance and normality of residuals and a more thorough account of these 
experiments with detailed analysis are given in Chapters 3 (a and b) and 4.   
The data (Figure 3.4) were shown to have a general trend of increasing respiration 
with increased species richness.  Respiration was measured as units of respired CO2 
(UCO2; Chapter 2) and ranged from 0.294 UCO2 to 3.183 UCO2.  
The general linear model used in this analysis (eq.6) was created by the 
sequential addition of explanatory variables. The response variable (y) is the measure of 
respiration. The data were analysed in a specific manner.  To preserve orthogonality, the 
linear model here required the linear richness term to be added first (discussed later).  
Each term was then analysed sequentially.  This allowed each term in the model to 
analyse only the variation within the data that has not been accounted for by the 
preceding terms.  The data were analysed using the equation with each of the five terms 
presented separately. 






Figure 3.4: Respiration increased with increasing species richness.  Respiration (y-
axis) for each microcosm (n = 168) is represented by a single data point (-).  These 
microcosms were taken from three Partitions and each replicated twice.  The 
microcosms were assembled using 12 different species in mixtures of: one, two, three, 
four, six or 12 species (x-axis).  The mean respiration values (•) are shown for each 









































































































































First term: Linear richness effect 
The first explanatory variable entered into the model was the effect of linear 
richness (CDE).  The linear richness term, like the other terms used in this analysis have 
been previously defined by Bell et al. (2009b), has been considered to account for the 
additive effects of increasing the number of species within an assemblage.  This term is 
analysed using a linear regression model (eq.7).  
 B =  + CDEFE + &         [7] 
The regression analysis found that βLR = 0.071 (± 0.017 1se, n = 168). This slope 
of the linear regression was positive and significant (F1,166 = 17.26, p < 0.001), 
confirming the trend for respiration to increase as species richness (FE) increased (R2 = 
0.094). Linear (species) richness is treated here as a continuous explanatory variable.   
Second term: Species contributions 
Species composition (∑ CHFH)JJ  was the second term entered into the model.  
The index C indicates a specific species (1 to 12) and the CH terms are the estimated 
respiration for each species based on the average residual respiration associated with all 
the microcosms in which it was present (denoted by a binary presence/ absence matrix 
and added into the model as FH). These were then entered into the model (eq.8) 
 B =  + CDEF + (∑ CHFHJJ ) + &       [8] 
A significant (F11,55 = 7.30, p < 0.001) species composition term was found.  
When the species were analysed separately, it was observed that five (species 2, 3, 6, 7 
and 10) of the 12 species had a significant effect (F1,55 > 4.16, p < 0.046).   
The model coefficients indicate the magnitude of the effect each species had on 
the microcosms in which it was present (Figure 3.5).  The sign, positive or negative, 
indicates whether a species is associated with a mean respiration that was greater than or 





Figure 3.5: The linear model coefficients for each of the individual species.  Linear 
model coefficients for each species were created using the mean residual values of all 
the microcosms in which a given species was present.  The residuals values were 
calculated after the variance associated with the linear richness were removed.  




Third term: Non-linear richness effects 
The third explanatory variable is the non-linear richness term (CIDE).  Here the 
species richness (FE) term is entered as an ANOVA-like factorial variable as opposed to 
the first continuous (regression-like	CDE) term.  The CIDE term accounts for the variance 
in the data that is associated with the species richness, but has not been previously 
accounted for by the linear richness term or composition term.  This has been 
considered to represent the “interactions” between the species at each species richness 
level. The non-linear richness term was added to the model after the composition term 
(eq.9): 
 B =  + CDEFE + (∑ CHFHJJ ) + CIDEFE + &      [9] 
The sign of the coefficients indicates the direction of the effect the interaction 
term has on the microcosms at a given species richness level after linear richness has 
been fitted (Figure 3.6). Thus the negative values at six and 12 species indicated a 
correction in the model where the linear regression over estimated respiration in the 





Figure 3.6: The linear model coefficients for the non-linear richness term.  
Calculated using the mean residuals of the GLM after the variance associated with 
linear richness and the individual species were accounted for.  The coefficients showed 




Fourth and fifth terms: Introduction to M and Q 
The fourth and fifth terms in the model (eq.6) were	CKFK + CLFL. To this point, 
the results relating to the biological effects of increasing species number (as continuous 
and factorial variables) and species identity have been described.  Two further terms do 
however, influence the F-test and subsequent significance values, Q and M.   
Each Q term within a Partition represents the distinct ordering (partitioned 
species pool) of the 12 species at a given species richness level (as illustrated in Figure 
3c.1).  In RPD experiments, there are P x R partitioned species pools where P is the 
number of partitions and R is the number of richness levels tested. In the case here, 
these are three and six respectively, giving 18 pools and 18 Q values or levels.  In each 
of these, Q sums the respiration from all 12 species but each time in a different set of 
microcosm mixes.  Q therefore accounts for the variance associated with the re-
apportioned species pools (i.e. each distinct set of microcosms at each species richness 
level).  This source of variance is important because it is the denominator for the F-test 
of both richness terms (Table 3.2).  As these two terms are used as the F-test 
denominator in the ANOVA they are added at the end to form the final model (eq.6).  
The order of these two terms is also important.  As Q and M are not orthogonal, Q must 
be entered first into the equation due to overlapping variance with M. 
 
  B =  + CDEFE + (∑ CHFHIJ ) + CIDEFE + CKFK + CLFL + &     [6] 
Each M value within an RPD experiment is associated with a distinct microcosm 
mix.  In each Partition here, there are 28 distinct microcosm compositions, each 
replicated twice. M attributes the variance between each of the two replicates within 
each microcosm (as in Figure 3.3).  This source of variance becomes the denominator 
from the F-test of the species composition term (Table 3.2). 
Both Q and M were numbered here with levels which were reciprocal to the 
species richness (i.e. at the highest species richness levels the levels of Q and M were at 
the lowest).  They were both entered as factorial variables in the analysis. 
These two terms are fundamental to the model.  These act as F- ratio 
denominators in the final ANOVA.  This is because the variables that have been 
discussed above have over-lapping variance with one of these two terms.  Therefore, to 
obtain an accurate significance value, the F-test must be performed using either Q or M 
as the denominator.  The selection of the denominator for each explanatory variable is 
dependent on from which of the two terms, Q or M, the variance is taken (Table 3c.1).  
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This over-lapping of variance is demonstrated in Table 3.3 using a series of models, 
each with a different set or order of variables.  By showing the resulting Sums of 
Squares (SS) for each model, it was possible to observe how the SS move between 
variables.  Another facet of this analysis is that the species composition and the non-
linear richness terms are orthogonal once the linear richness term has been entered into 
the model.  In Table 3.2 this appears not to be an absolute orthogonality as there has 
been a “leakage” of 0.16 SS.  If the non-linear richness and species composition terms 
are swapped in the analysis, leaving linear richness as the first term (data not shown) 
this “leakage” is once again shown.  Though these terms were not perfectly orthogonal, 
they approached a good fit. The total SS accounted for by the analysis (SS = 32.78) is 
identical in both Models D & E (Table 3.2).   
For the analysis of significance of Q and M, these are treated as variables in a 
standard ANOVA with the F-test denominator being the residual SS.  All reported F- 
and p-values were calculated using the appropriate F-test denominator. 
The results for Q and M showed that Q accounted for a significant amount of the 
variance (F10,82 = 3.14, p = 0.002), with M also highly significant (F55,82 = 1.91, p = 





Table 3.2: Sums of Squares attributed to the terms in the analysis and their degree 
of overlap.  The sums of squares (SS) associated with each variable in the GLM 
together with the degrees of freedom and the F-test denominator (Fd) needed for the 
final ANOVA.  The model C 	VVW =	∑(VVDE + VVIDE + VVK) equals the partition of 
the model A	VVW. Therefore to have the two richness terms in the model they must be 
entered before Q.  Likewise model D 	VVL = ∑(VVH + VVL) equals the partition of 
variance for the model C	VVL . The SSLR is also shown to have overlaps with SSQ and 
SSNLR.  By entering the linear richness term into the model first the non-linear richness 
and species identity terms are effectively orthogonal.   
 
Model A:	B =  + CK + CL   
Model B:	B =  + CDE + CK + CL 
Model C: B =  + CDE + CIDE + CK + CL  
Model D: B =  + CDE + CIDE + (∑ CHJJ ) + CK + CL 
Model E: B = 	 + (∑ CHJJ ) + CDE + CIDE + CK + CL 
 
Variables in the GLM df Fd A B C D E 
Species richness        
Linear richness (SSLR) 1 Q - 4.60 4.60 4.60 0.29 
Non-linear richness (SSNLR) R-2 Q - - 0.49 0.49 0.65 
Partitioned species pool (SSQ) Q-R r 12.80 8.20 7.71 7.49 7.49 
Species compositions (SSC) N-1 M - - - 12.12 16.27 
Species combinations (SSM) M-Q-N-1 r 19.43 19.43 19.43 8.08 8.08 
Residuals (SSr)   16.59 16.59 16.59 16.04 16.04 
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Adaptation of the model 
The model previously discussed was published by Bell et al., (2009b).  In the 
subsequent chapters, an adapted model was used.  This adapted model added two 
further experimental terms, preceding both the biological (linear and non-linear richness 
and species composition) and statistical (Q and M) terms.  These terms attributed the 
variance in the data to the replicate (CEMN) and the Partitions (CN), and were entered at 
the beginning of the model, as factorial variables. Entered here, these terms removed the 
variance available to the effects of biodiversity that was associated with experimental 
error.  By accounting for (removing) variance associated with experimental variation at 
the start of the modelling sequence, the Partitions were effectively normalised allowing 
the analysis to focus on the variance associated with species richness and composition. 
To ensure that the correct denominator was used for the F-tests, it was shown 
that CEMN	took variance from the residual SS only (Table 3.3). It was therefore 
orthogonal to all the other terms entered into the model.  This term used the residual SS 
as the F-test denominator (as did Q and M).  The CQ	term was shown to overlap with the 
variance associated with Q.  This implied that the Partitions were linked to the richness 
terms.  Therefore, in the final ANOVA analysis, the Partition term used Q as the F-
denominator.  The inclusion of these terms gave a final GLM that was used for 
subsequent analysis (eq.10). 
 
B =  + CEMNFEMN + CNFN + CDEFE + (∑ CHFHIJ ) + CIDEFE + CKFK + CLFL + &  [10] 
Variance not accounted for by the model or predicting microcosms 
Eight models, based on the terms present in eq.10, were sequentially fitted to the 
three Partition dataset.  The observed respiration was plotted against the predicted 
values from the six models (Figure 3.7). In each successive model, an additional term 
was added resulting in an improved fit to the data observed. Variables were added until 
the final model (Figure 3.7h) which had all the variables added including the residual 





Table 3.3: The degree of overlap of the Sums of Squares for each term in the 
adapted analysis.  The sums of squares (SS) associated with each variable in the 
adapted GLM together with their degrees of freedom and the F-test denominator (Fd) 
needed for the final ANOVA.  These results demonstrated that VVEMN has overlapping 
variance with VV7	and therefore the residuals were used as the F-test denominator for 
the replicate term.  The Partition term was shown to have overlapping variance with VVK	therefore, like the richness terms, Q was the F-test denominator for the Partition 
term. 
 
Model F: B = 	 + CDE + (∑ CHJJ ) + CIDE + CK + CL 





Variables in the GLM df Fd F G 
Experimental     
Replicate (SSREP) REP-1 r - 10.43 
Partition (SSP) P-1 Q - 5.43 
Linear richness (SSLR) 1 Q 4.60 4.60 
Non-linear richness (SSNLR) ∆-2 Q 0.65 0.57 
Partitioned species pool (SSQ) Q-P-∆ r 7.49 2.24 
Species compositions (SSC) N-1 M 11.96 12.26 
Species combinations (SSM) M-Q-N-1 r 8.08 7.76 




Figure 3.7: Plot of observed respiration against predicted respiration for eight 
linear models.  For each graph, the observed respiration is plotted against the 
respiration predicted by the models stated below each graph. Each successive model 
includes an additional term, given in the Figure. 
  










































































































































3.4  Conclusions 
Increases in species richness resulted in increased respiration. However, at all 
richness levels a wide and similar range of respiration was observed. It is apparent that 
this result has not reached an asymptote and that further increases in diversity are likely 
to result in increased respiration.  
This analysis has shown that the only variable that did not have a significant 
effect on the variation within the data was the non-linear richness term.  This suggests 
that the increase in biodiversity and the composition of the species are the main 
biological drivers of respiration by the bacterial assemblages in the microcosms.   
This chapter has also outlined the analytical procedure that will be implemented 
throughout this study.  Although not illustrated here, the general approach taken to the 
fitting of linear models has been to seek iterative simplification and a minimal adequate 
model (Crawley, 2007, Grafen and Hails, 2002). In some situations, terms which have 
not been found to be significant have been retained in models to permit their 
comparison with other experiments. 
The adaptation of the GLM has also shown that careful analysis of the SS was 
needed to ensure the correct analysis of the data and to overcome the overlapping nature 
of many of the factors. This analysis adapted an established design and statistical tool 
for use in investigating the effects of three aspects of biodiversity (linear addition of 
species, the selection effect within composition and the non-linear “interaction” term) 







4. The impact of biodiversity on respiration and its 
mediation by environmental characteristics 
4.1 Introduction   
A previous study investigated the effect of bacterial biodiversity, with species 
derived from tree-holes, on total community respiration (Bell et al., 2005).  It found a 
positive but decelerating relationship between the increasing number of bacterial species 
present in microcosms and respiration.  In the present study, a similar experimental 
design was employed on bacterial species isolated from CF sputum samples.   
Bacterial diversity was manipulated in a set of assemblages of increasing species 
diversity. A balanced biodiversity-ecosystem functioning (BEF) experiment was 
implemented so that bacterial isolates were manipulated according to the Random 
Partitions Design (RPD; Chapter 3c), into assemblages of increasing species diversity 
(Bell et al., 2009b).  This approach allowed bacterial activity, measured as respiration 
(the dependent variable), to be analysed by using a general linear model (GLM) with 
three explanatory (independent) variables; i) the number of species in any given 
microcosm mix (linear species richness), ii) the “interaction” term, which equated to the 
variance associated with the species richness, but not accounted for by the linear species 
richness term (non-linear species richness), and iii) the identities of the species present 
in a given microcosm mix (species composition).  The assemblages were subsequently 
added to four experimental conditions.  These had either Tryptone water or Defibrinated 
Horse Blood (DHB) as sources of contrasting nutrients (Chapter 2.2) as both a liquid 
and a more viscous medium.  This allowed the effect of the environment on the impact 
of biodiversity to be tested. 
 Selecting an appropriate measurement for the system function and 
corresponding assay are vital for meaningful BEF experiments.  The measure of 
function chosen here was respiration (cumulative units of CO2 respired at 24hrs); a 
proxy for carbon turnover and activity (Chapter 3b).  A suitable assay for biodiversity is 
also required for BEF experiments.   
In the following experiment, 12 bacterial species were chosen randomly from a 
species pool of 18 isolates cultivated from the sputum of CF patients. The measure of 
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biodiversity was based upon the 16S rRNA gene sequence.  Each species was identified 
by sequencing part of their 16S rRNA gene and matching to reference sequences in the 
databases (Chapter 3a).   
Aims and Objectives 
The aim of this study was to investigate the effects of bacterial biodiversity on 
total respiration.  The biodiversity in this instance was created by manipulating the 
number of bacterial species present within an assemblage.  Secondly the study 
investigated whether the impact of biodiversity on total respiration was mediated by the 
environment by testing the effect of nutrient source and viscosity. The potential use of 




4.2 Materials & Methods 
Bacterial isolates 
Bacterial species used in this study and the methods used to isolate and identify 
them are given in Chapters 2 and 3a. 
Microcosm experiments 
The experimental microcosm set up has been previously outlined in Chapter 2.8.  
The manipulated assemblages were mixed prior to inoculation of the experimental 
system.  The amount of mixed culture used for inoculation was kept constant by dilution 
at the equivalent of OD600 = 0.1.  Microcosm mixtures (henceforth mixes) were created 
by each species being randomly selected from the species pool without replacement for 
each species richness level.  This resulted in each species being present once at all 
species richness levels.  For example, at the three species level there were four mixes 
each with three of the 12 species present. To maximise the amount of information about 
the effect of biodiversity on the amount of CO2 respired in this study, every factor level 
of the maximum richness level (1, 2, 3, 4, 6, and 12 species) was analysed (Bell et al., 
2009b).  This approach gives the largest number of mixes possible where all of the 
species can be present at each level only once.  One set of richness levels (henceforth a 
Partition) consisted of 28 microcosms with 12 monoculture mixes, six mixes with two 
species, four with three, three with four, two with six and finally one with 12.  Three 
Partitions were created giving a total of 168 microcosm mixes. Each Partition was 
independently replicated twice.   
Microcosm growth substrates 
Two commercially available carbon substrates were used; Tryptone Water and 
Defibrinated Horse Blood. These media, their choice and preparation were as described 
in Chapter 2.2.  
Measurement of Respiration 
Full details of the respired CO2 measurements and calibration can be found in 
Chapter 3b.  The percentage of CO2 dissolved in the indicator gel was measured using 
the MicroResp™ System.  As the headspace in the BEF experiments was constant, the 
%CO2 (% v/v) was taken as the measure of respired CO2. For convenience, this is 




T-RFLP profiling was carried out as described in Chapter 2.6.  Within this 
system, each of the 12 bacterial species had a specific terminal fragment length as 
described in Chapter 3a.  Relative species richness values were taken from the relative 
band fluorescence data from each microcosm at the conclusion of the experiment.  T-
RFLP profiling detected a band when it represented more than 0.1% of the total band 
intensity.  Whenever a bacterial species “dropped-out” of the experiment (had a signal 
intensity of <0.1%) it was assigned a nominal weighting in the analysis of 0.1.  If it was 
not possible to obtain a T-RFLP profile for a particular microcosm, the species were 
weighted using their starting richness abundance. 
Statistical analysis 
The differences between the bacterial community respiration in four different 
environments were investigated.  All analyses were performed in R (v.2.12.2 – 
v.2.13.0).  This investigation was analysed using an adapted statistical method (eq.10; 
detailed in Chapter 3c).    
 B =  + CEMNFEMN + CNFN + CDEFE + (∑ CHFHJJ ) + CIDEFE + CKFK + CLFL + &  [10] 
All assumptions of normality and homogeneity of variance were assessed using 
the Shapiro-Wilk and Fligner-Killeen tests respectively, and confirmed by visual 
methods.  The general linear model conformed to all assumptions required after M was 
added into the model.  All comparisons of means were carried out using a paired 
Student’s t-test unless otherwise stated.  All R
2
 values quoted are multiple R
2
.  These 
were calculated as the fraction of total variance that was accounted for by the variables 






Bacterial assemblages of varying diversity were grown using two different 
nutrient sources, Tryptone Water and Defibrinated Horse Blood (DHB), with the 
cumulative respiration measured in UCO2 recorded at 24 hours.  Results will also be 
presented regarding the effect of environmental viscosity on respiration.  Three 
Partitions were created and each represented a unique set of 28 microcosms, with each 
independently replicated twice (see Appendix, Table A1, for the species combinations).   
The respiration measured varied between nutrient source and viscosity. 
Tryptone Water: Description of the data 
Initial investigation of the Tryptone Water Partitions found that each of the three 
analysed had significantly different overall respiration means (t55 > 2.33, p < 0.023; 
Table 1). In addition, more respiration was observed in data from the constrained 
environment microcosms (mean = 1.26 UCO2, SD = 0.71, n = 168) than the mixed 
environment microcosms (mean = 1.14 UCO2, SD = 0.54, n = 168). A Student’s t-test 
confirmed that this difference was significant (t167 = -3.19, p = 0.002).  
Respiration tended to increase with increasing species richness (Figure 4.1).  
The linear regression gradients of respiration with species richness (R) were all positive 
and statistically significant (p < 0.001) for each of the three Partitions analysed in the 
constrained environment (Table 4.1).  In the mixed environment, the gradients of the 
linear regression lines were all found to be positive but not all were statistically 
significant.  Gradients in the constrained environment (mean = 0.13 UCO2/R) were 
greater than in the mixed environment (mean = 0.07 UCO2/R).  These differences were 
however, not statistically significant (t2 = -2.27, p = 0.152).   
The data were assessed for leverage effects by outstanding data points. This 
identified the threshold, determined to be 0.01, over which data points would be 
considered “highly influential” (Crawley, 2007).  In the mixed environment, 22 highly 
influential data points were observed with a further 32 highly influential data points 
observed in the constrained environment.  To assess whether these highly influential 
points affected the gradient, they were removed from the analysis.  The slopes of the 
regression analysis remained positive and statistically significant and as such these data 
points were retained in the analysis. 
 
Defibrinated Horse Blood: Description of the data 
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Initial investigation of the DHB Partitions found no statistically significant 
differences between the respiration in any of the Partitions in the mixed environment 
(t55 < 0.39, p > 0.698).  In the constrained environment however, significant differences 
were observed between Partition 3 and Partitions 1 and 2 (t55 > 2.25, p < 0.028) but not 
between Partition 1 and Partition 2 (t55 = 1.04, p = 0.302).  The results also indicated 
that the constrained environment had a greater mean respiration (mean = 0.33 UCO2, 
SD = 0.13, n = 168) than the mixed environment (mean = 0.21 UCO2, SD = 0.078, n 
=168).  A Student’s t-test confirmed this difference was significant (t167 = -12.49, p < 
0.001). 
The linear regression gradients of respiration with species richness (R) were all 
positive and statistically significant (p < 0.001) for each of the three Partitions analysed 
in the constrained DHB environment (Table 1). Respiration increased with increasing 
species richness in both the mixed (b = 0.013 UCO2/R) and constrained (b = 0.015 
UCO2/R) environments.   
 
Comparison between nutrient sources 
The respiration measurements of microcosm mixes grown in DHB were found 
to be more consistent across the Partitions than those in Tryptone Water (Table 4.1).  
Respiration from microcosms grown in the DHB (mean = 0.27 UCO2, SD = 0.12, n = 
336) was significantly (t335 = -28.25, p < 0.001) lower than in the Tryptone Water (mean 
= 1.20 UCO2, SD = 0.634, n = 336).  Further comparisons of the regression gradients 
found the increase in respiration per species increase was statistically significantly 
lower in both the mixed (t167 = 3.95, p < 0.001) and constrained (t167 = 6.50, p < 0.001) 


















1 1.38 0.29 3.18 1.03* 0.13* 
2 1.09 0.32 2.75 0.94* 0.06 
3 0.95 0.50 1.55 0.89* 0.02 













1 1.42 0.50 3.03 1.07* 0.14* 
2 1.29 0.12 3.64 0.88* 0.16* 
3 1.06 0.43 2.81 0.83* 0.09* 














1 0.22 0.09 0.45 0.19* 0.01* 
2 0.21 0.09 0.36 0.18* 0.01* 
3 0.21 0.12 0.42 0.18* 0.01* 













1 0.27 0.14 0.54 0.25* 0.01 
2 0.33 0.14 0.73 0.27* 0.02* 
3 0.38 0.25 0.68 0.34* 0.02* 
All 0.33 0.14 0.73 0.29* 0.01* 
 
Table 4.1: Means, ranges and linear regressions (against species richness) for 
Respiration in microcosms in three Partitions grown in Tryptone Water or DHB, 




Figure 4.1: Respiration plotted against species richness in both mixed and 
constrained Tryptone Water based environments.  The respiration, in units of CO2 
respired in 24 hours (y-axis), from each individual microcosm (-) are plotted against the 
species richness (x-axis) of each microcosm.  These are shown to have a large variance 
around the means (•).  The regression line shows the positive relationship between 




Figure 4.2:  Respiration plotted against species richness in both mixed and 
constrained DHB based environments.  The respiration, in units of CO2 respired in 24 
hours (y-axis), from each individual microcosm (-) are plotted against the species 
richness (x-axis) of each microcosm.  These are shown to have a large variance around 
the means (•).  The regression line shows the positive relationship between respiration 




Analysis using GLM showed that variation within the data set could only be 
accounted for by multiple variables. 
In the results presented above, there was a positive relationship between mean 
community respiration and species richness (Figures 4.1 & 4.2).  The data also showed 
that there were large variances around the mean respiration values for each of the 
species richness levels.  Bell et al. (2009b) reported the following GLM for analysis of 
data obtained using the Random Partitions Design analysis (eq.6). 
 
  B =  + CDEFE + (∑ CHFHIJ ) + CIDEFE + CKFK + CLFL + &    [6] 
However, to account for the large variances around the species richness level 
means the GLM used in this study was extended as described in Chapter 3c (eq.10). 
 B =  + CEMNFEMN + CNFN + CDEFE + (∑ CHFHIJ ) + CIDEFE + CKFK + CLFL + & [10] 
This analysis incorporated, in order, the variation in the replicates	(CEMN), 
Partitions	(CN), the number of species as a continuous variable	(CDE), the composition 
of the species present in each microcosm	(CH), the number of species as a factorial 
variable	(CIDE) and finally the variances associated with the partitioned species pool bCKc	and between the replicated microcosms	(CL). 
In the model (eq.10) species richness was taken as being the number of species 
introduced into each microcosm.  This has been standard practice in all previous 
applications of the RPD and other BEF experiments. It was however, hypothesised that 
some species may not increase in all combinations and that they will, most likely, not 
grow equally. It was resolved therefore, to use T-RFLP profiling to estimate the relative 
species proportions at the end of the experimental period. The analysis presented here 
has been modified by weighting the individual species with their relative abundance 
data for the microcosms at the end of the experiment.  
The data presented here were investigated to assess whether the model 
conformed to the assumptions required for parametric statistical analysis.  This found 
that the data possessed homogeneous variance (Fligner-Killeen test of homogeneity of 
variances; Χ
2
 < 0.96, p > 0.327) in all environments tested.  After analysis with the full 
model (eq.10) all the environments were however, shown to have errors which were 
non-normal as observed by failure of the Shapiro-Wilk normality test (W < 0.96, p < 
0.001).  No single transformation was found which would make all of the environments 
conform to the assumptions of parametric analysis. That is, to transform the data to be 
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suitable for analysis with parametric statistics each data set would require a different 
transformation.  This would cause the comparison of the analysis to be non-intuitive.  
Analyses were therefore conducted using five sequential Kruskal-Wallis tests.  There 
was no difference between the significance of the variables in the parametric and 
nonparametric testing (data not shown) and so a linear model was selected for the 
analysis. 
Fitting the GLM 1: Environmental variation and linear richness affected the 
total microcosm mix respiration. 
 
Tryptone Water: fitting replicates, Partitions and linear richness in the GLM 
The different stages of the GLM (eq.10) analysis are presented in Table 2 with 
the fit of the models compared by R
2
 and Akaike Information Criterion (AIC) and the 
ANOVA results (F-tests and p-values) for each variable.  The ANOVA results of the 
experimental variables (the replicates and the Partitions) showed that both of these 
variables had a statistically significant effect on assemblage respiration.  In the mixed 
environment, the mean respiration values associated with the first replicate (0.89 UCO2, 
SD = 0.43, n = 84) were lower than the second replicate (1.39 UCO2, SD = 0.53, n = 
84).  Similarly in the constrained environment, the first replicate (1.02 UCO2, SD = 
0.59, n = 84) was lower than the second (1.49 UCO2, SD = 0.75, n = 84). As discussed 
later, these differences between the replicates were shown to be relevant in accounting 
for the variance observed. 
The variance associated with the replicates (REP) was shown to be highly 
significant in both the mixed and constrained environments (F1,82 = 141.93, p < 0.001 
and F1,82 = 53.81, p < 0.001 respectively; Table 4.1).    The second step in the ANOVA 
found the effect of the Partitions (P) on the respiration was also highly statistically 
significant in both the mixed and constrained environments (F2,10 = 11.01, p = 0.003 and 
F2,10 = 9.88, p = 0.004 respectively).  Significant differences were also observed 
between the two independent replicates (data not shown) within the Partitions (Table 
4.2). 
The effect of linear richness (LR) was shown to account for a significant amount 
of the variance associated with the residuals (the variance remaining after that 
associated with the replicates and Partitions had been removed) in both the mixed (F1,10 
= 125.29, p < 0.001) and constrained environments (F1,10 = 34.89, p < 0.001). 
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After these three variables were entered into the analysis, the model accounted 
for less than half of the variance within the data in both the mixed (R
2
 = 0.42) and 
constrained (R
2
 = 0.33) environments. 
 
Defibrinated Horse Blood: fitting replicates, Partitions and linear richness in the GLM 
This GLM analysis was repeated on the respiration data measured from the 
microcosms grown in DHB (Table 4.1).   The ANOVA found that neither the replicate 
(REP) nor Partition (P) term had a significant effect on the variation within the data in 
either environment (Table 4.3).   The mean respiration in the mixed environment for the 
first (0.22 UCO2, SD = 0.08, n = 84) and second (0.21 UCO2, SD = 0.08, n = 84) 
replicates was observed to be similar.  In addition, in the constrained environment, the 
mean respiration of first (0.33 UCO2, SD = 0.13, n = 84) and second (0.32 UCO2, SD = 
0.12, n = 84) replicates was also observed to be similar. 
In the mixed environment, the effects of the replicate and Partitions on the total 
respiration were found to be statistically non-significant (F1,82 = 1.29, p = 0.259 and 
F2,10 = 0.12, p = 0.887 respectively; Table 4.1).  In the constrained environment, the 
effects of the replicate and the Partition were also found to be non-significant (F1,82 = 
1.11, p = 0.295 and F2,10 = 0.07, p = 0.934 respectively).   
The remaining variance was analysed in the next step of the ANOVA.  The 
linear richness (LR) term was shown to be highly significant in the mixed (F1,10 = 30.82,  
p < 0.001) and constrained environments (F1,10 = 17.58,  p = 0.002).   With these three 
variables entered into the model, the variance accounted for was much lower in DHB 
than in Tryptone Water for both the mixed (R
2
 = 0.15) and constrained (R
2
 = 0.20) 
environments.   
 
Comparison between nutrient sources 
The results in DHB (Table 4.3) for these variables were in contrast to the 
analysis of the respiration from the microcosms grown in Tryptone Water (Table 4.2).  
The GLM analysis identified a significant effect associated with the replicate and 
Partition in Tryptone Water but not in DHB.   
The fit of the models to the data showed that in all four environment 
combinations, the model so far accounted for less than 50% of the total variance.  To 
investigate the mechanisms which caused the data set to vary away from the linear 
regression line, two further aspects of biodiversity were investigated; species 
composition and non-linear richness.  The non-linear richness term used the species 
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richness as a factorial variable and was entered after the species composition term.  The 
species composition term assessed the contribution of each species to the total 








 AIC Res.Df RSS F p 
1 Respiration ~ 1 - - 167 77.65 - - 
2 1 + REP 0.21 234.75 166 67.22 141.93 <0.001 
3 2 + P 0.32 213.14 164 61.79 11.01 0.003 
4 3 + LR 0.42 189.89 163 30.9 125.29 <0.001 
5 4 + C 0.62 141.44 152 19.12 5.93 <0.001 
6 5 + NLR 0.63 145.04 148 18.42 0.71 0.602 
7 6 + Q 0.68 140.26 138 15.95 3.35 0.001 




 AIC Res.Df RSS F p 
1 Respiration ~ 1 - - 167 84.77 - - 
2 1 + REP 0.11 348.92 166 75.74 53.81 <0.001 
3 2 + P 0.15 344.21 164 71.91 9.88 0.004 
4 3 + LR 0.33 306.80 163 65.16 34.89 <0.001 
5 4 + C 0.65 220.03 152 31.58 12.14 <0.001 
6 5 + NLR 0.67 217.95 148 29.52 2.66 0.096 
7 6 + Q 0.70 225.62 138 27.59 1.15 0.334 
8 7 + M 0.89 187.77 83 13.76 1.50 0.047 
 
Table 4.2: The sequential fit of the GLM for respiration from mixed and 
constrained microcosms grown in Tryptone Water.  The significance and fit of each 
new step of the model to the residuals remaining after the previous steps are fitted are 
presented. Values for R
2
, Akaike Information Criterion (AIC) and the ANOVA results 
(F-tests and p-values) for each variable are given.  The residual degrees of freedom 
(Res.Df) and residual Sums of Squares (RSS) indicated the total variance which still 
remains in the data.  The appropriate degrees of freedom for each F-test are those 







 AIC Res.Df RSS F p 
1 Respiration ~ 1 - - 167 1.03 - 
2 1 + REP 0.00 -375.71 166 1.03 1.29 0.259 
3 2 + P 0.00 -371.80 164 1.03 0.12 0.887 
4 3 + LR 0.15 -396.25 163 0.96 30.82 <0.001 
5 4 + C 0.45 -446.76 152 0.69 3.28 0.001 
6 5 + NLR 0.47 -444.63 148 0.55 15.77 <0.001 
7 6 + Q 0.49 -432.34 138 0.53 1.53 0.143 




 AIC Res.Df RSS F p 
1 Respiration ~ 1 - - 167 1.02 - 
2 1 + REP 0.00 -209.70 166 1.01 1.11 0.295 
3 2 + P 0.12 -227.47 164 1.01 0.07 0.934 
4 3 + LR 0.20 -241.39 163 0.95 17.58 0.002 
5 4 + C 0.50 -298.11 152 0.44 12.51 <0.001 
6 5 + NLR 0.51 -293.46 148 0.38 4.18 0.03 
7 6 + Q 0.56 -291.92 138 0.34 2.31 0.019 
8 7 + M 0.91 -418.89 83 0.13 2.26 <0.001 
 
Table 4.3: The sequential fit of the GLM for respiration from mixed and 
constrained microcosms grown in DHB.  The significance and fit of each new step of 
the model to the residuals remaining after the previous steps are fitted are given. Values 
for R
2
, Akaike Information Criterion (AIC) and ANOVA F-test and p-values for each 
variable are given. The residual degrees of freedom (Res.Df) and residual Sums of 





Terminal Restriction Fragment Length Polymorphism (T-RFLP) profiling 
showed the change in species richness over time. 
In this study, the relative abundance of each species at the end of the experiment 
was measured.  These were used to approximate the average contribution a species gave 
to the respiration of each microcosm mix in which it was present.  The relative 
abundances of each species were assayed by T-RFLP profiling for microcosms initiated 
with two or more species.  Monocultures were not profiled and the species allocated 
100% of the respiration associated with their microcosm (Table 4.4). 
 
Tryptone Water: T-RFLP profiling 
The number of bacterial species identified in the constrained (mean number of 
species detected = 19.5, SD = 6.99, n = 12) environment was not statistically greater 
than those detected in the mixed (mean = 19.2, SD = 7.43, n = 12) environment (t11 = -
0.30, p = 0.772). A Kruskal-Wallis rank sum test however found significant differences 
between the species present in Tryptone Water (Χ
2
11 = 21, p = 0.033).  Subsequent 
Wilcoxon rank sum tests showed that S. maltophilia (median = 28) was present 
significantly more than any other (median = 16.5) species (W = 1.50, p = 0.036, n = 24).  
Conversely S. marcescens and S. mitis (medians = 10.5) were absent more frequently 
than any other species (median = 19.5) with this difference approaching statistical 
significance (W = 41, p = 0.052, n = 24).  Further, there was a strong correlation (r = 
0.86) between whether the species was detected in both environmental viscosities in 
Tryptone Water. 
 
Defibrinated Horse Blood: T-RFLP profiling 
The results of the end-point T-RFLP profiling showed that there was a 
significantly (t11 = -5.22, p < 0.001) higher number of species present in the constrained 
(mean = 21.8, SD = 5.47, n = 12) than in the mixed (mean = 18.1, SD = 6.50, n = 12) 
environment.  A Kruskal-Wallis test indicated that there were significant (Χ
2
11 = 20.4, p 
= 0.040) differences between the species present in the two DHB environments.  
Wilcoxon tests found again that S. maltophilia (median = 29) was significantly (W = 2, 
p = 0.041) more present than any other species (median = 18.5).  Also, in concurrence 
with the Tryptone Water results, S. mitis (median = 11) was absent more frequently than 
any other species (median = 21) with this difference approaching statistical significance 
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(W = 41, p = 0.053).  A very strong correlation (r = 0.93) was observed between the 
species detected in both environmental viscosities in DHB. 
 
Comparison between the nutrient sources 
A strong correlation between the presence of each species in the two nutrient 
sources (r = 0.83) was found when data from both environmental viscosities were 
pooled.  No significant difference (t23 = -0.77, p = 0.452) was found between the mean 






 Tryptone Water DHB 
Species Mixed Const’d Mean Mixed Const’d Mean 
(1) Pseudomonas 
aeruginosa 
28 26 27.0 24 27 25.5 
(2) Stenotrophomonas 
maltophilia 
28 29 28.5 29 29 29.0 
 (3) Burkholderia  
cepacia 
28 25 26.5 20 24 22.0 
(4) Achromobacter 
xylosoxidans 
27 22 24.5 23 30 26.5 
(5) Acinetobacter 
baumannii 
24 28 26.0 25 25 25.0 
(6) Serratia 
 marcescens 
9 12 10.5 10 18 14.0 
(7) Enterococcus  
faecium 
17 25 21.0 18 23 20.5 
(8) Staphylococcus 
haemolyticus 
17 15 16.0 18 22 20.0 
(9) Staphylococcus 
aureus 
15 10 12.5 18 19 18.5 
(10) Streptococcus  
mitis 
9 12 10.5 9 13 11.0 
(11) Streptococcus 
pneumoniae 
13 14 13.5 12 16 14.0 
(12) Streptococcus 
sanguinis 
15 16 15.5 11 16 13.5 
Mean 19.2 19.5 - 18.1 21.8 - 
 
Table 4.4: The numbers of microcosm mixes in which each of the bacterial species 
was detected, from a maximum of 30, by T-RFLP end-point profiling.  The data 
from the T-RFLP profiling of the microcosms (n = 30) at the end of the 24 hours 
experiment indicated the composition of the community (by way of relative abundance).  
These results indicated that there was a greater number of non-detectable species in the 




Fitting the GLM 2:  species contributions and interactions are environmentally 
dependent sources of experimental variance. 
The next two variables entered into the GLM analysis were the species 
composition and the non-linear richness terms.  For the species composition term, the 
relative abundance of each species in each microcosm was estimated by using end-point 
T-RFLP profiling.  These values were then used as weightings to approximate the 
contribution of each species to respiration.   In the non-linear richness term, species 
richness was entered as an ANOVA-like factorial variable as opposed to the continuous 
linear richness regression term.  Non-linear richness is associated with the variance in 
the data that has not been accounted for by the linear richness term or composition term 
and is considered to be related to the “interactions” between the species at each species 
richness level (Hector et al., 2009).  
 
Tryptone Water: adding the composition and non-linear richness terms to the GLM 
The species were weighted with their final relative abundance and individual 
species effects were observed in both Tryptone Water environments (Figure 4.3).  Six 
species had significant (F1,55 > 4.40, p < 0.041) effects on community respiration in the 
mixed environment, with eight found to be significant (F1,55 > 4.22, p < 0.045; Figure 
4.3) in the constrained environment.  The effects of the individual species summed 
together to give a significant composition term (Table 4.2).  This significance was 
observed in both the mixed (F11,55 = 5.93, p < 0.001) and constrained (F11,55 = 12.14, p < 
0.001) environments.  After the composition term was added to the model, the new 
model accounted for over 60% of the overall variation in both the mixed (R
2
 = 0.62) and 
constrained (R
2
 = 0.65) environments.  The addition of the composition terms produced 
the greatest improvement in the fit of the model to the variance within the data. 
Further investigation of the composition term indicated that S. maltophilia was 
the only species to have positive, and significant, effects on respiration in both 
environments (F1,55 > 30.5, p < 0.001; Figure 4.3).  The only other species to have a 
positive coefficient, in the mixed environment alone, was S. sanguinis (F1,55 = 0.13, p = 
0.719).  In both environments, there were a number of species that had negative, 
statistically significant effects on the respiration; in the mixed environment these 
species were P. aeruginosa, B. cepacia, S. marcescens, S. haemolyticus and S. aureus 
(F1,55 > 4.22, p < 0.045).  In the constrained environment these species were B. cepacia, 
A. xylosoxidans, A. baumannii, S. marcescens, S. haemolyticus, S. aureus and S. mitis 
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(F1,55 > 4.40, p < 0.041).  The non-linear richness term in this model was shown to be 
close to significance in the constrained environment (F4,10 = 2.66, p = 0.096) but highly 
non-significant in the mixed (F4,10 = 0.71, p = 0.602) environment (Table 4.2).   
 
Defibrinated Horse Blood: adding the composition and non-linear richness terms to the 
GLM 
The species were weighted with their final relative abundance and individual 
species effects were observed in both DHB environments (Figure 4.4).  In DHB, the 
species coefficients (Figure 4.4) in the mixed environment were typically 100-fold 
lower than those in the constrained environment.  S. maltophilia had the most positive 
coefficient in both environments.  S. maltophilia was also found to be the only species 
with a significant effect in the mixed environment (F1,55 = 25.16, p < 0.001). The other 
species shown to have positive coefficients were P. aeruginosa and S. pneumoniae (in 
the mixed environment only), E. faecium (in the constrained environment only) and S. 
mitis (both environments).  In the constrained environment, most of the species were 
shown to have significant effects on community respiration.  The only exceptions were 
S. haemolyticus (F1,55 = 3.45, p = 0.068) and S. pneumoniae (F1,55 = 0, p = 0.999) which 
were not shown to have significant effects in the constrained DHB environment.   
The sum of the variance accounted for by the individual species gave significant 
species composition effects in both the mixed (F11,55 = 3.28, p = 0.001) and constrained 
(F11,55 = 12.51, p < 0.001) environments (Table 4.3).  As with the results from the 
Tryptone Water, the addition of the composition term to the model gave the greatest 
improvement, thus far, in the fit of the model in both the mixed (R
2
 = 0.45) and 
constrained (R
2 
= 0.50) environments.   
The non-linear richness term was found to be significant in both the mixed (F4,10 
= 15.77, p < 0.001)  and constrained (F4,10 = 4.18, p = 0.030) environments (Table 4.3).  
The non-linear richness effect increased the fit of the total model to R
2
 = 0.47 and R
2
 = 
0.51 in the mixed and constrained environments respectively. 
 
Comparison between the nutrient sources 
In comparison to the analysis from the Tryptone Water (Figure 4.3), in DHB 
other species were also shown to have positive coefficients.  The values for the 
coefficients were much lower in the DHB media than in the Tryptone Water. In 
Tryptone Water there was a modest correlation (using Spearman’s Rho) between 
species presence and species coefficients (Spearman’s ρ = 0.46) in constrained 
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microcosms. This indicated that bacterial species associated with higher coefficients 
were detected more often at the end of the experiment than those with lower 
coefficients. In the mixed environment, this relationship was weaker with a lower 
correlation (Spearman’s ρ = 0.34).  In the mixed DHB environment, the correlation 
between the presence of species and their coefficients (Spearman’s ρ = 0.31) was found 
to be similar but weaker than that found in Tryptone Water.  In the constrained 
environment however, the correlation (Spearman’s ρ = 0.18) was much lower than in 






Figure 4.3: The species coefficients for each of the weighted individual species 
grown in mixed and constrained Tryptone Water environments.  Species 
coefficients, calculated from the general linear model (y-axis), show the mean 
contribution of each species (x-axis) towards total respiration.  Asterisks denote 









Figure 4.4: The species coefficients for the DHB media in both mixed and 
constrained environments.  Species coefficients, calculated from the general linear 
model (y-axis), show the mean contribution of each species (x-axis) towards total 
respiration.  Asterisks denote significant effects (p < 0.05).  Values for species 




Fitting the GLM 3: the completion of the model by the addition of the 
statistically relevant terms. 
The analysis of the Q and M terms were required for the analysis of the 
significance of all the variables reported previously.  The significance of the Q and M 
terms therefore does not inform on the effects of biodiversity as they overlap with the 
experimental and biological variables (as shown in Chapter 3c).  For completeness, the 
results associated with these terms will be presented. 
 
Tryptone Water: adding Q and M to the GLM 
In the mixed Tryptone Water environment, both the Q and M variables 
accounted for a significant proportion of the variance (F10,82 = 3.35, p = 0.001 and F55,82 
= 2.45, p < 0.001 respectively).  In the constrained environment however, Q was found 
to be non-significant whilst M remained significant (F10,82 = 1.15, p = 0.334 and F55,82 = 
1.50, p = 0.047 respectively) After Q and M were included in the model, 89% of the 
variance (R
2
 = 0.89) was accounted for in both environments.   
 
Defibrinated Horse Blood: adding Q and M to the GLM 
 The Q term was found to be significant in the mixed environment only (F10,82 = 
2.31, p = 0.019).  This was in contrast to the M term that was found to be significant in 
both the mixed and constrained environments (F55,82 > 2.26, p < 0.001).  The addition of 
the final two terms greatly increased the fit of the model (Table 4.3).  After the addition 
of Q and M the model fitness increased to over 90% in both the mixed (R
2
 = 0.93) and 
constrained (R
2
 = 0.91) environments.  
 
Comparison between the nutrient sources 
 The differences between the two nutrients, with respect to these variables, are 
shown in the significance of Q.  As above, the Q term was found to be statistically 
significant in the mixed Tryptone Water and constrained DHB environments, but non-





The impact on the model by using end-point T-RFLP profiling 
This study was the first investigation to define experimentally the composition 
of the community at the end of the analysis.  By doing this, this study found that the 
weighting of the species altered all of the terms entered into the GLM after the linear 
richness (data not shown).  Comparisons were made between the species coefficients 
presented in this Chapter and those whose presence absence was binary (Chapter 3c).  
The coefficients calculated presented different patterns dependent on whether the 
species were weighted or not (Figure 4.3 Mixed).  This, for reasons outlined in Chapter 
3c, subsequently affected the terms entered later in the analysis (discussed further 
below).  The fit of the model to the data was shown to be greater with the inclusion of 
the relative abundances than using un-weighted, binary contributions.  Using the binary 
contributions, the model then accounted for 56% and 53% in the mixed and constrained 
environments respectively; much lower than the weighted model fitness presented here 
(R
2
 = 0.89). 
The relative importance of the biodiversity effects on CO2 production. 
 This analysis has shown that the relative effects of three aspects of biodiversity 
(linear richness, species composition and non-linear richness) are affected by the 
environment.  The predictive power of these aspects can be assessed by substituting the 
appropriate coefficients from the weighted values into a simplified model (eq.11): 
 
B = 	C6 + CDEFE + O CPQJ⋮CPQJS FH + T
CIDEJ⋮CIDEJU FE      [11] 
The respiration values predicted by the model were plotted against the actual 
observed values.  The resulting coefficients of determinations (R
2
) were calculated.  The 
step with the greatest increase in R
2
 was regarded as the most influential in describing 
the effect of biodiversity on the system. 
 From the four experimental environments tested (two nutrient sources x two 
viscosities), the fit of the simplified model had a mean R
2
 = 0.40 (SD = 0.09, n = 4).  
The majority of the variance within the data was not accounted for using these terms.  
The results do however, also show that there were conserved trends within the amount 
of variance each of the terms accounted for.  The first observation was that the intercept 
alone accounted for a negligible amount of the variance.  This was anticipated but the 
intercept value was important for making the other coefficients meaningful in the 
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prediction of respiration.  The fit of the model up to the linear richness term (the second 
term in eq.11) was found to have a mean R
2
 = 0.124 (SD = 0.05, n = 4).  In all of the 
environments, the addition of the species composition term increased the fit of the 
predicted values to the observed mean R
2
 = 0.368 (SD = 0.07, n = 4).  Finally the non-
linear richness term was added to the predicted equation completing the model. 
The R
2
 values showed that the species composition has a greater predictive 
power when entered into the model than either the linear or non-linear richness terms.  
This increase in predictive power of the model was only observed after the linear 
richness term was entered into the analysis.   
Predicted respiration was calculated by fitting the model (eq.11) for each of the 
four environmental combinations.  These predicted values were plotted against the 
observed respiration (Figure 4.5).  Four linear regressions were fitted and any data 
points that lay outside two standard deviations (i.e. significantly larger or smaller than 
predicted) were considered of interest. There were a total of 40 outlying data points 
across all four environments.  Of these, 31 had significantly higher observed values than 
predicted and were termed “overachievers”.  Of these overachievers, six were found in 
the mixed Tryptone, eight in the constrained Tryptone, nine in both the mixed 
constrained DHB environments.  The remaining nine showed observed values 
significantly lower than those predicted and were termed “underachievers”.  There was 
a significantly greater number of overachievers than underachievers (t3 = 4.16, p = 
0.025).  Of these underachievers, three were found in the mixed Tryptone, four in the 
constrained Tryptone and one each in the mixed and constrained DHB environments.  
When the species were investigated in these outstanding microcosm mixes, a number of 
observations were made.  The first of these was that S. maltophilia was present as 
overachievers in all environments, except the constrained DHB.  The three species 
combination of B. cepacia, A. baumannii and S. pneumoniae was also an overachieving 
combination in all environments.  B. cepacia was found to be present, in eight different 
species combinations, in 11 of 31 overachievers.  Of the underachievers, the 
combination of S. marcescens and S. sanguinis was present in five of nine 
underachieving microcosms. This combination was present only once, as part of a 12 





Figure 4.5: Observed respiration plotted against predicted respiration.  Predicted 
respiration values were calculated by substituting the linear model coefficients into the 
simplified model (eq.11).  The observed respiration (UCO2) is plotted against the 
predicted respiration (UCO2) for measurements taken in the mixed (a) and constrained 
(b) Tryptone environments and the mixed (c) and constrained (d) DHB environments.  
The regression line (solid black) showed the positive relationship between the predicted 
and observed respiration.  Any data points outside (encircled in green) two standard 
deviations (dotted red) from the linear regression line were called an outlier and the 
composition analysed.   













































































The aim of this study was to investigate how changes in biodiversity affected the 
total activity, measured by respiration, of bacterial assemblages.  In addition, this study 
aimed to observe how the nutrient content and viscosity of the environment altered the 
effect of biodiversity on respiration. The four different environments were; i) Tryptone 
Water as a liquid, ii) Defibrinated Horse Blood (DHB) as a liquid, iii) viscous Tryptone 
Water and iv) viscous DHB.  Units of respired CO2 (UCO2) were measured after a 24 
hour incubation period and the results analysed using a GLM.  Overall, bacterial 
assemblages tended to respire more in Tryptone Water and constrained environments 
than in DHB or mixed environments. 
The four growth conditions all affected the statistical significance of the 
experimental and biological variables. 
Growth environments mediated the significance of both the experimental 
(replicates and Partition) and the biological (linear richness, species composition and 
non-linear richness) variables.  Generally, the significance of the experimental variables 
was altered only across the nutrient sources.  The change in the significance of the 
biological variables was generally affected by both nutrient content and viscosity.   
The significance of the experimental variables was associated with a change in nutrient. 
When microcosm growth on the two nutrient sources were compared there was 
significantly greater respiration generated by assemblages when grown in Tryptone 
Water than in DHB (Table 4.1).  This difference in overall respiration suggested that the 
Tryptone Water was richer and more readily utilisable as a nutrient source than DHB as 
had been hypothesised prior to the start of the experiment. The variance within the 
respiration measurements was also greater in Tryptone Water than in DHB.  Upon 
analysis using the GLM, it was found that the experimental variables were significant in 
the Tryptone Water but not in the DHB media (Tables 4.2 & 4.3).   
The replicate (REP) variable  
Significant differences between the paired replicates were identified.  Generally 
the first replicate had less respiration than the second replicate for microcosms grown in 
Tryptone Water.  This discrepancy between the replicates was not however observed in 
microcosms grown in DHB.  This could have been a product of the reduced respiration 
observed in DHB.  In contrast, the increased range of respiration values produced by the 
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bacterial assemblages in Tryptone Water made it more likely that differences would be 
observed.  Expanding on this, the discussion of the replicate variable will therefore 
focus on the respiration measured in the Tryptone Water environments.   
It is possible that the state of the bacterial cells as they were inoculated into the 
microcosms could affect the overall respiration values.  The initial conditions of, and 
early events within, a system have been considered to influence the resulting 
organisation and by extension the outcome.  These influences were termed “founder 
effects” by Cohen (1999). These may have been important here and a detail of 
establishment of the experiment should be considered. In establishing the microcosm 
mixes, there was c. 20 minutes between initiating the processing of the first and second 
sets of replicates. This additional time may have altered the state of the bacterial cells 
entering the experiment.   
If bacteria were initially in different growth states then their response to the new 
experimental environments would possibly be quite different. This response could take 
the form, for example of variation in lag phases or profiles of genes expressed (Schimel 
et al., 2007).  Despite best attempts to minimise this, the results show that these effects 
were highly significant in the Tryptone Water environments. That is, small differences 
between replicates resulted in significantly less respiration in the second set of 
replicates.  
This provides some insight into the difficulties that can be experienced in 
predicting outcomes in natural systems.  Despite the variation that may occur in the 
colonisation of a microcosm or lung, ecological mechanisms can be discerned. 
The Partition (P) variable  
The Partition term was analysed after the variance accounted for by the 
replicates was removed from the data.  As such the Partition terms analysed the variance 
within the remaining residuals.  Partitions were found, as with the replicate term, to 
have significantly different respiration from microcosm mixes in Tryptone Water but 
not in DHB. 
This may again be related to the typically greater respiration in Tryptone Water, 
where the respiration has greater “freedom to vary” between the Partitions (i.e. the 
differences among the DHB partitions) if any, would be smaller and harder to detect.  
An important question arises as to where the differences between the paired Partitions 
resulted from.  These differences could result from the combinations of species or 
alternatively the founder effects may have been important.  The influence of founder 
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effects was tested by inspection of the respiration of the single and 12 species 
microcosm mixes.  These were included in all Partitions. Therefore, if the variation 
between the Partitions was based primarily on the combinations of species, the 
respiration measured from these assemblages should be highly similar.  This was not 
found to be the case.  This suggests that the variation present within the data were more 
likely to be a function of a founder effect (i.e. experimental variation).   
Interestingly, these founder effects have not been reported before. However, 
recognising these effects is important to understanding, and accounting for, the variance 
within the data and potentially in other studies.  If these effects were not taken into 
account by the model at this stage, the variation present would have been attributed to 
other, biological, variables (in particular the richness terms) within the model, thus 
misleading the interpretation of data. 
The significances of biological variables are generally affected by changes in both 
nutrient content and viscosities. 
 The biological variables tested, in order of model entry, were; i) linear species 
richness, ii) species composition and iii) non-linear species richness.  These variables 
were able to account for the remaining variance (Bell et al., 2009b; Chapter 3c).  As 
such, the variance accounted for by the experimental variables was not available to any 
of the biological variables, thus providing a more conservative analysis of the effects of 
biodiversity.  
The linear species richness (LR) variable  
A significant and positive relationship was found between species richness and 
respiration (Figures 4.1 & 4.2).  This result has also been established by previous BEF 
experimental studies, the majority of which being in plant-based systems (e.g. Tilman et 
al., 1996; Loreau & Hector, 2001 and reviewed in Duffy, et al., 2002).  More recently 
however, similar findings have also been reported for bacterial BEF experimental 
studies (Wohl et al., 2004; Bell et al., 2005).  Although this is the “classical” BEF 
experiment result, the design of the experiment is important in order to be able to 
analyse these findings more thoroughly. 
Here, an adapted RPD and analysis was performed.  In this, the positive 
relationships between the species richness and respiration were found to be significant 
even after the variance accounted for by all the other experimental variables was 




The effect of linear richness on respiration supports the central hypothesis of this 
study, and indeed thesis. The significance values identified for the linear richness terms 
show that bacterial biodiversity affected the average respiration of the assemblages, at 
the given level of diversity.  For this reason, the linear richness term is entered as the 
first biological term in the model.  The other two biological variables in the model are 
present in order to better understand the relationship mechanistically and account for the 
remaining variance.  With the variance accounted for by the experimental and linear 
richness terms, over half of the variation within the data still remained unassigned.  
Therefore, although linear richness was significant, at this point other mechanisms 
causing this variance need to be investigated.  
These mechanisms are described as the species composition and the non-linear 
richness or “interaction” terms.  These two biological variables investigate the presence 
of the selection and complementarity effects (Loreau & Hector, 2001; Fox, 2005), and 
encompass the processes by which biodiversity is thought to affect system function.   
The species composition (C) variable  
The selection and complementarity effects are two of the most important 
phenomena in BEF research beyond linear richness (Becker et al., 2012) and are 
fundamental to the study of biodiversity and ecosystem function.  Complementarity 
effects are discussed below.  The selection effects can be described as the processes of 
particular species being able to affect the system function to a greater degree than other 
species present.  In this study, the species composition term indicated the degree to 
which the selection effect was present within this system.  This term tested whether any 
species had significant effects on the total respiration of the microcosms in which it was 
present.   
It was found that the species composition had highly significant effects in all of 
the environments tested.  That is the composition of species in a microcosm mix had a 
significant influence on its respiration.  At least one of the species coefficients was 
significantly different in each environment.  While the overall species composition term 
was found to be significant in all environments, individual species were found to have 
differing coefficients which were dependent on the environment. 
Generally, the coefficients in Tryptone Water were dominated by S. maltophilia. 
This species possessed the only significantly positive coefficient out of the 12 tested.  
Three species were shown to have significant negative effects in both Tryptone Water 
environments; B. cepacia, S. marcescens and S. haemolyticus.  This could suggest that 
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these species were exhibiting competitive interactions with the other species (Foster & 
Bell, 2012).   
The coefficients in DHB were generally more evenly distributed with more 
positive coefficients.  This suggested that the nutrients in DHB in this microcosm 
system created fewer opportunities for one or more bacterial species to facilitate an 
assemblage.  This may suggest that the various assemblages generally worked together 
to utilise the nutrient source, without strong effects conferred by specific species.  Even 
so, S. maltophilia was again found to be the only bacterial species with significantly 
positive coefficients in both viscosities. 
The coefficients also altered with the change in viscosity.  In the constrained 
environment, a greater number of species had significant effects on respiration (Figures 
4.3 & 4.4).  The constrained environment was included in this study to increase the 
number of “local” neighbourhood based interactions (Kuemmerli et al., 2009; Elias & 
Banin, 2012).  This could potentially lead to, or augment, the expression of genes at 
local levels and as such this forms a direction for future research.  It is also interesting 
to note that growth in biofilm (an example of a clinically relevant constrained system 
(Elias & Banin, 2012)) is associated with changes in gene expression, phenotype and 
activity (Whiteley et al., 2001).  
After the species composition terms were entered into the model over half of the 
total variance had been taken into account.  The species composition effects accounted 
for the greatest amount of variance within the data. 
The non-linear richness (NLR) variable      
The non-linear richness term is considered to represent the interactions between 
species within the richness levels.  These can also be thought of as complementarity 
effects where these effects have been defined as “reflecting niche differences and /or 
facilitative interactions among species” (Fox, 2005).  This term therefore accounts for 
the variation that is associated with species richness but not accounted for by the linear 
richness term.  As such, this variable becomes the deviation of the residuals from the 
linear relationship based on the number of species present.  The most likely cause of 
this variation, after the species number and the species composition have been 
accounted for is the interactions between the species at each richness level.  
This was the biological variable most affected by the change in environmental 
conditions.  In Tryptone Water, the non-linear richness term was non-significant in the 
mixed environment indicating no significant interactions present within the richness 
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levels.  This supports both hypotheses that Tryptone Water would serve as a “broad 
spectrum” nutrient source and that species in well mixed communities would have a 
lower degree of interactions (Kuemmerli et al., 2009).  Interestingly, increasing 
viscosity increased the significance of the non-linear richness terms (Table 4.3).  
Similarly, previous studies have reported that the more viscous the environment, the 
more prevalent interactions are (Kuemmerli et al., 2009; Elias & Banin, 2012).  Also 
similar to results presented later (Chapter 6), they also hypothesise that the number of 
synergistic interactions, outnumber any antagonistic interactions (Elias & Banin, 2012).  
In the DHB, with the increase in viscosity came a reduction in significance of 
the non-linear richness term.  In both environments, interactions were significant.  This 
suggests that the utilisation of DHB was likely to require a greater degree of indirect 
cell interactions between the bacterial species.  This would be supportive of Pishchany 
and Skaar (2012) who presented the processes involved in bacterial disruption of 
erythrocytes and release of haemoglobin to be costly.  Possibly, in the constrained 
environment, the spatial restriction of the bacterial species limited the scope for and 
significance of these interactions.   
The addition of the non-linear richness term to the model increased the 
proportion of variance accounted for only marginally in all environments.  Even though 
there was only a small improvement in the model fit, the non-linear richness term was 
retained.  This term, evaluating the contribution of the between species interactions, was 
a crucial part of assessing the ecological mechanisms within this system.  
The statistical variables, Q and M  
The variables Q and M are applied here as statistical terms.  This places them in 
a third category of variables outside the previously discussed experimental or biological 
terms.  As such, these two variables were used as F-test denominators because the 
variance accounted for by these terms overlapped with one or more of the experimental 
or biological variables (as shown in Chapter 3c).   
How was the model suited to the analysis?     
Here, variation within the experimental procedure was removed from the 
analysis prior to the analysis of biodiversity. Within the field of bacterial BEF research 
this has not, to the best of my knowledge, been published before.  
Generally, this model has shown that biodiversity has a significant impact on 
respiration.  The model was also able to differentiate between the species.  Further to 
this, the model has informed on the general inclusion of interaction-like effects that 
116 
 
cause increased variance within the system.  This model has also been able to partition 
and remove variance that would otherwise have affected the analysis through the 
inclusion of the replicate and Partition terms.  As seen by comparison of the analysis 
reported here, Table 4.2, and that reported in Chapter 3c, the inclusion of these terms 
can alter the effect that many of the variables have (specifically the non-linear richness 
term).  
From the observed against predicted respiration graphs (Figure 4.5) the model 
coefficients have been shown to account for ~40% of the variation in the data.  This is a 
substantial achievement which still leaves an important quantity available for further 
elaboration of the causes of the BEF relationship.  The remaining variation however is 
likely to be a function of phenomena such as the founder effects, and thus not able to be 
fully accounted for.   
The addition of T-RFLP increased the fit of the model. 
 This study reported the first implementation of the RPD method that accounted 
for variations within the microcosm mixes arising over the course of the experiment.  
This was performed using T-RFLP profiling and required piloting to ensure the species 
that could be distinguished by T-RF band size.  The resulting relative abundances from 
the profiling allowed each species to be weighted in the GLM analysis.  This weighting 
assigned the total respiration to each constituent species based on their presence at the 
end of the experiment. Whilst not based on a RPD GLM, a similar approach to 
weighting has been recently taken by Lawrence et al. (2012) who used culture-based 
methods to assess the presence of the mixed environmental bacterial species at the end 
of their experiment. 
 The weighting of the species using only their relative abundance at the end-point 
of the experiment could not integrate the dynamics of the species within an assemblage.  
This method was an approximation as to how the assemblage had changed over the 24 
hours incubation period. It is notable that when the species were weighted in the 
analysis, this altered which species coefficients were significant without losing any 
model fitness. 
 Despite these results providing the realised species richness, the GLM analysis 
was always performed on the initial (i.e. manipulated) species richness.  This is standard 
practice in direct manipulation experiments (Loreau & Hector, 2001; Becker et al., 
2012).  If a species was not detected at the endpoint, this does not mean that it was no 
longer present or did not contribute to the respiration observed. If however the zero 
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values were used in the analysis, the overall effect of linear richness did not change 
(data not shown); this would have negated the balanced design. 
The choice of nutrient caused the mediation of significant variables. 
The choice of nutrient to be used was based on a lot of detailed testing (Chapter 
2.2).  Key requirements were that the media used were reproducible with low batch 
variation, were clinically relevant and that they should produce contrasting degrees of 
growth.  Both Tryptone Water and DHB were commercially available for use in 
diagnostic laboratories and so filled the first two criteria.  They were also nutrient 
sources that the bacterial species could encounter in a human context.  One further 
practical advantage with these as liquid nutrient sources was that to alter the viscosity of 
the media, the addition of a gelling agent was all that was required. Even after the 
addition of the gelling agent it was possible to aliquot accurately the small volumes 
required in these experiments. 
A previous bacterial BEF experiment has also indicated that the alteration of 
nutrient sources can mediate the effects of biodiversity on ecosystem function.  
Langenheder et al. (2010) investigated how the impact of biodiversity in 
environmentally derived bacterial assemblages when the substrates were altered from 
three single substrates to combinations of two and three. 
The increase in viscosity showed variation of significant effects and potential 
mechanisms occurring in the CF lung. 
The results presented and discussed here show that the viscosity of the system 
modulates the impact of biodiversity on total respiration.  In particular, the viscosity 
affected the species coefficients and non-linear richness terms with more coefficients 
significant across all the species when constrained environments were compared to 
mixed.  This suggests a reduced ability for a single species to dominate the assemblage.  
The non-linear richness term was shown to increase in significance in the Tryptone 
Water and decrease in significance in DHB.  These changes in significant coefficients 
indicated that there are distinct differences in the biological effects. This suggests that 
the environment within the colonised CF airways may possess ecologically relevant 
mechanisms that would not be observed in liquid, planktonic growth, but have been 
reported in this study.   
The difference between a mixed and constrained environment, as reported here, 
has potential implications to the microbial diversity detected in the airways of paediatric 
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and adult CF patients.  The results from the T-RFLP profiling indicate that there are 
more “drop-out” events occurring in the less viscous, mixed environments.  It might 
have been expected that the increased growth in constrained Tryptone Water would 
have led to more loss of slow-growing populations.  This result does however, indicate 
the contrary that less inter-species competition occurs in the constrained rather than in 
the mixed environments.  This kind of protective or stabilising effect in biofilm and 
other viscous environments is well attested to in the literature (e.g. Elias & Banin, 
2012). 
Conclusions     
This study found that increases in species richness were associated with 
increased respiration and that biodiversity was shown to have a significant impact on 
respiration by assemblages.  The analysis also found that initial experimental variations 
(founder effects) cause significant changes in respiration, although this can be 
compensated for in the GLM analysis. Using the adapted GLM, it was also found that 
species composition was an important variable in accounting for the spread of 
assemblage respiration around the linear regression.  The composition term singularly 
accounted for the largest part of the variance in the data around the linear regression 
at each richness level.  This therefore indicates a driver for substantial differences 
between microcosm-associated respiration.  The composition term does little however 
to explain how an increase in diversity leads to an increase in respiration.  The non-
linear richness term indicated that there were different community dynamics which 
affected the respiration depending on the viscosity and nutrient content of the 
environment studied here. 
This chapter has shown positive relationships between species diversity and 
respiration.   The potential mechanisms that support this will be explored later. 
Extending from this chapter however were questions on the degree to which the data 





5. The effect of phenotypic biodiversity on respiration with 
ecotypes of Pseudomonas aeruginosa 
5.1 Introduction 
 The previous chapter reported the effect of increasing the number of species on 
the respiration of an assemblage.  So far, differences between species in assemblages 
have been reported in the context of different nutrition sources and environmental 
viscosities.  Variation within each of the species has not as yet been considered.  The 
central aim of this chapter is to determine whether differences in respiration would be 
observed in assemblages of increasing diversity of isolates of a single species.  
 Whilst CF airways can be infected by range of bacterial species, colonisation 
with Pseudomonas aeruginosa causes particular clinical concern (Emerson et al., 2002; 
Rogers et al., 2003; Foweraker et al., 2005; LiPuma, 2010; Greally et al., 2012).  This 
bacterial species can be cultured in the early stages of pulmonary infections (i.e. in 
patients below 10 years of age and in much older ones; Goss & Burn, 2007).   
Colonisation of the CF lung by P. aeruginosa correlates with a decrease in well-being, 
an increase in disease severity and an increased need for antibiotic treatment 
(FitzSimmons, 1993; Emerson et al., 2002).  P. aeruginosa can often become a chronic 
airway infection by early adulthood in individuals with CF (Rosenfeld et al., 2001).  
Over the course of the chronic infection, P. aeruginosa has been shown to “shed” 
genetic information with lines of this species arising that show differing genomic 
content (Smith et al., 2006; Huse et al., 2010).  
Because of the clinical significance of P. aeruginosa, previous studies have 
investigated the extent of variation between clinical isolates (Burns et al., 2001).  These 
previous studies have indicated that different P. aeruginosa isolates can often have 
different phenotypic characteristics (Drenkard & Ausubel, 2002).  These include 
metabolic profiles (Rogers et al., submitted manuscript), morphologies (Häußler et al., 
1999; Emerson et al., 2002) and antibiotic susceptibility profiles (Emerson et al., 2002; 
Foweraker et al., 2005).  
 As a result of its clinical importance, the ability to treat infections by this species 
has been seen as particularly important. As such, many methods have been developed to 
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assess the efficacy of antimicrobial compounds on P. aeruginosa and other bacterial 
species. Among these methods, the broth dilution (Das et al., 2010) and the Kirby-
Bauer disk diffusion assay (Bauer et al., 1966; Koeth et al., 2000; Andrews, 2008) are 
two of the most commonly used, reproducible susceptibility tests (Das et al., 2010).   
Aims and Hypotheses 
 This chapter will investigate the impact of within-species diversity on total 
assemblage respiration.  This will be accomplished using 12 Pseudomonas aeruginosa 
isolates shown to be phenotypically different.  Here, isolates will be manipulated into 
three Partitions of microcosm mixes (as reported in Chapter 4).  These microcosms 
were used to inoculate media containing two types of nutrient source (Tryptone Water 





5.2 Material and Methods 
Isolation and identification of clinical Pseudomonas aeruginosa 
Isolation of the bacterial isolates, and their characterisation, was carried out as 
previously described (Chapter 2.1). 
Selection of isolates and phenotypic assays 
 Previously, a single P. aeruginosa isolate was used in the biodiversity studies 
reported in the previous chapter.  This isolate, dwr1, was used again in this current 
chapter to assess how it performed in an assemblage consisting only of clinical P. 
aeruginosa isolates.  Eleven additional isolates, identified as P. aeruginosa by 16S 
rRNA gene sequence analysis were randomly selected from the pool of 40 isolates (as 
described in Chapter 3a).   
 Phenotypic characteristics assayed were; i) the presence of a blue-green pigment  
ii) the ability to grow in conditions of elevated NaCl concentration and iii) antibiotic 
resistance profiles.  All phenotypic assessments were independently replicated three 
times.  These assays are described in turn.  Isolates were cultured aerobically overnight 
at 33°C on Pseudomonas selective agar.  The agar was prepared following 
manufacturer’s instructions using Pseudomonas agar base (Oxoid Ltd.) with 
Pseudomonas CN selective supplement (Oxoid Ltd.) that selectively isolated P. 
aeruginosa.  As above, all isolates were confirmed as P. aeruginosa by means of 16S 
rRNA gene sequence analysis. For the phenotypic characterisation, the culture of 
isolates on Pseudomonas selective agar allowed the visual identification of 
pigmentation and was scored as present or absent (after Laine et al., 2008). 
 The ability of the isolates to tolerate an elevated NaCl (Sigma-Aldrich) levels in 
broth was assayed.  Sterile MH supplemented with an additional 3% (w/v) NaCl was 
inoculated with 100 µl of ~1 x10
4
 culture of each isolate of P. aeruginosa grown under 
aerobic conditions in sterile MH broth overnight at 37°C in an orbital incubator with 
shaking at 110 rpm.  Increased salt assays were incubated at 33°C aerobically for 18 ± 2 
hours, with a score for positive growth recorded for cultures that had a turbidity reading 
of OD600 > 0.5 after this time. 
Antibiotic resistance profiles were determined using an adapted Kirby-Bauer 
disk diffusion assay (Bauer et al., 1966; Koeth et al., 2000).  Each isolate of P. 
aeruginosa tested here was prepared as described above prior to the start of the assay.  
A 200 µl portion of a culture of one of the 12 clinical P. aeruginosa isolates was placed 
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in the base of a sterile 90 mm Petri dish (Sterilin).  To this, 20 ml of molten sterile MH 
broth at 50°C supplemented with 2% w/v technical agar was added and mixed to obtain 
an even distribution of bacteria within the agar.   
Sterile filter paper disks (diameter = 6 mm) were soaked with ceftazidime (2 
µg), ciprofloxacin (1 µg) or tobramycin (1.5 µg).  The other six antibiotics used in this 
study (Table 5.1) were purchased as pre-infused disks from Oxoid Ltd.  The disks were 
placed onto the surface of agar and incubated at 37°C for 18 ± 2 hours to allow bacterial 
growth.  After incubation, the diameter (in millimetres including the 6mm disk) of any 
zone of inhibition formed around the disks was measured.  A zone of inhibition greater 
than 7 mm diameter was categorised as a negative result (susceptible), with a zone of 7 
mm or less recorded as a positive result (resistant). From this, a binary matrix showing 
resistance profile was generated. 
Assembly of experimental microcosms 
 Microcosms used in this study were assembled using the same partitions and 
nutrient conditions, in a mixed environment, as previously described (Chapter 2.8).   
Measurement of CO2 production 
The measurements of CO2 produced by the microcosms were assayed using the 
method described (Chapter 2.9). 
EcoPlate™ community level phenotypic profiling 
The EcoPlate™ system was used to analyse the sole carbon source utilisation for 
isolates that could not be separated by the above tests.   Assays were performed as 
previously described (Chapter 2.10). 
Statistical analysis 
Analysis using the general linear model was executed as previously described.  
All t-tests are paired unless otherwise stated.  For measurements recorded using the 
EcoPlate™ system; prior to any analysis of the data the OD590 reading of the control 
well was subtracted from the raw OD590 from each substrate within that set of 31 
(Garland & Mills, 1991; Garland, 1996). Next, any value, after subtraction of the 
control well OD590, which was found to have an OD590 < 0.06 was deemed to be below 
the detection threshold of the system and amended to zero (San Miguel et al., 2007).  




Antibiotic Class of antibiotic Concentration 
ceftazidime Cephalosporins (3
rd
 generation) 2 µg 
chloramphenicol Chloramphenicol 10 µg 
ciprofloxacin Quinolones 1 µg 
erythromycin Macrolides 10 µg 
penicillin g Penicillins 10 µg 
streptomycin Aminoglycosides 1.5 mg 
sulfisoxazole Sulphonamides 100 µg 
tetracycline Tetracyclines 10 µg 
tobramycin Aminoglycosides 1.5 µg 
 
Table 5.1: The antibiotic challenges used to assess the phenotypic variation within 
the P. aeruginosa isolates tested.  The resistance of the P. aeruginosa isolates to nine 
antibiotics was tested.  The nine antibiotics came from eight different classes of 
antibiotics.  The concentrations of the antibiotics were the same as those that were 
infused into the disks, prior to assessment. 




 Of the 155 bacterial isolates cultured from three sputum samples expectorated 
from two CF patients, previously described in Chapter 2 and 3a,  40 were identified as 
P. aeruginosa.  A set of 12 P. aeruginosa isolates were selected at random and each was 
given an identifying code starting with the letters “dwr”.  Before using these 12 isolates 
in the BEF experiment in this chapter, a set of phenotypic assays were carried out. All 
phenotypic assays were independently replicated three times confirming these traits as 
reproducible. 
Variation within clinical Pseudomonas aeruginosa isolates 
The 16S rRNA gene sequences of the 12 P. aeruginosa isolates were compared.  
The results showed that there was a difference of only three base pairs between 
sequences generated from all 12 isolates when these were matched over the 550 bp 
region analysed.  Thus, the sequences from all 12 isolates were shown to have over 
99.8% similarity and as such were all confirmed as P. aeruginosa. 
To investigate what phenotypic differences were present between the isolates, 
pigment production, growth in high sodium chloride concentration and resistance 
profile for nine antibiotics was assessed in three independent experiments. In more 
detail, the production of blue-green pigment was observed in three of the 12 isolates 
(dwrPa8, dwrPa9, dwrPa12) when grown on Pseudomonas selective agar.  Nine isolates 
were able to grow in elevated salt conditions. With respect to the antibiotics tested a 
relatively complex pattern of susceptibility and resistance, as defined above, was 
identified (Table 5.2). It was found for example that 11 of the 12 isolates were resistant 
to penicillin G, although the isolate regarded as susceptible (dwrPa9) was shown to be 
resistant in this assay to tobramycin, ciprofloxacin, erythromycin, chloramphenicol and 
tetracycline.  The most resistant isolate, dwrPa3, was found to be resistant to eight of 
the nine antibiotics tested and was susceptible again in terms of this assay only to 
erythromycin. 
Of the 12 isolates tested, eight gave distinct phenotypic profiles; these were 
dwrPa2, dwrPa3, dwrPa5, dwrPa6, dwrPa8, dwrPa9, dwrPa10 and dwrPa12. Two pairs 
of indistinguishable phenotypic profiles were also formed. These were dwrPa4 & 
dwrPa11 and dwrPa7 & dwr1.  As the aim was to distinguish phenotypically the isolates 
in this study, a further round of assays was carried out based on the ability of the 
isolates to use a range of single carbon substrates.  In these assays, isolates dwr1 and 
dwrPa7 differed in their ability to grow on nine substrates (Tween 40, β-methyl-D-
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glucoside, i-erythritol, D-mannitol, glucose-1-phosphate, α-ketobutyric acid, L-
threonine, phenylethylamine and putrescine). Isolates dwrPa4 and dwrPa11 were found 
to differ in their ability to grow on two substrates (Tween 40 and putrescine).   
 Thus a combination of these phenotypic assays above was able to 
phenotypically distinguish every isolate in this collection.  These phenotypically distinct 































































































 0 1 1 0 0 0 1 1 1 0 0 
dwrPa2 0 1 1 1 1 1 1 1 1 0 0 
dwrPa3 0 0 1 1 1 0 1 1 1 1 1 
dwrPa4
b
 0 1 0 1 0 1 1 1 1 1 0 
dwrPa5 0 0 1 1 0 0 1 1 0 1 0 
dwrPa6 0 1 0 0 0 0 1 1 1 1 0 
dwrPa7
a
 0 1 1 0 0 0 1 1 1 0 0 
dwrPa8 1 1 1 1 0 0 1 0 1 1 0 
dwrPa9 1 1 0 1 1 1 0 0 0 1 1 
dwrPa10 0 1 0 0 1 0 1 1 1 0 1 
dwrPa11
b
 0 1 0 1 0 1 1 1 1 1 0 
dwrPa12 1 0 1 0 0 0 1 1 1 0 0 
 
Table 5.2: The binary matrix for the phenotypic traits observed for the 12 P. 
aeruginosa ecotypes used in this study.  Each of 12 P. aeruginosa isolates tested was 
given a strain identifier.  Eleven phenotypic traits were observed, and a binary matrix 
created. Traits were scored present or absent.  In the case of antibiotics a “positive” 
score indicated resistance.  “a”
 
& “b” indicate the two isolates that were 
indistinguishable using these methods.   
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Intra-species diversity had no significant effect on assemblage respiration. 
In this study, the microcosms were established in mixed environments only.  
Assemblage respiration was recorded as previously described in Chapter 3b.  Again, 
168 microcosms were formed comprising six isolate richness levels within three 
Partitions, which were independently replicated twice.   
 
Tryptone Water 
The mean assemblage respiration (UCO2) for this environment was found to be 
0.94 UCO2 (SD = 0.08, n = 168), with a minimum respiration of 0.71 UCO2 and a 
maximum respiration of 1.07 UCO2.  The relationship between respiration and the 
number of P. aeruginosa ecotypes present in an assemblage (isolate richness) was 
investigated.  The data were plotted as respiration against isolate richness (Figure 5.1).   
To assess the influence of biodiversity on respiration, the data were analysed by 
means of a GLM (eq.10), as before. The results of the analysis are presented alongside 
R
2
 and AIC values, two measures of model fitness, in Table 5.3. 
 
  B =  + CEMNFEMN + CNFN + CDEFE + (∑ CHFHIJ ) + CIDEFE + CKFK + CLFL + &  [10] 
 
The first model term that was analysed accounted for the variance associated 
with the experimental replicates.  There was no significant difference (t83 = -1.31, p = 
0.194) between mean respiration in the first replicate, 0.93 UCO2 (SD = 0.09, n = 84), 
and the second, 0.94 UCO2 (SD = 0.08, n = 840).  The analysis using the GLM showed 
that the replicates did not account for a significant proportion of the variance within the 
data (F1,82 = 1.70, p = 0.196; see Table 2).   
The second model term investigated the effect of the three Partitions on the 
assemblage respiration.  The mean assemblage respiration was shown to be 0.98 UCO2 
(SD = 0.02, n = 56), 0.85 UCO2 (SD = 0.08, n = 56) and 0.99 UCO2 (SD = 0.04, n = 56) 
for Partitions 1 – 3 respectively.  The effect of the Partitions on the respiration was 
found to be highly significant (F2,10 = 124.77, p < 0.001).   
After the variance associated with the replicates and Partitions were accounted 
for, the residuals were analysed against the linear richness term.  This analysis showed 
that there was no significant effect of linear richness on the residual variance (F1,10 = 




Defibrinated Horse Blood 
The mean respiration in this environment was found to be 0.29 (SD = 0.10, n = 
168). The respiration was plotted against isolate richness.  The relationship between the 
mean respiration and richness and demonstrates a neutral effect (Figure 5.1).  
The mean respiration recorded for each of the replicates was 0.30 UCO2 (SD = 
0.10, n = 84) and 0.28 UCO2 (SD = 0.09, n = 84).  The replicate term was found to be 
highly significant (F1,82 = 17.23, p < 0.001).  The Partitions recorded mean respiration 
values of 0.37 UCO2 (SD = 0.05, n = 56), 0.17 UCO2 (SD = 0.04, n = 56) and 0.32 
UCO2 (SD = 0.04, n = 56) with the effect of the Partitions on the respiration observed 
was found to be highly significant (F2,10 = 289.86, p < 0.001).  The linear richness term 
was shown to have no significant (F1,10 = 0.00, p = 0.995) effect on the variance. 
 
Comparison between nutrient sources 
The overall mean respiration produced in DHB was observed to be lower than 
the mean respiration observed in Tryptone Water.  This difference (0.65 UCO2) was 
found to be highly significant (t167 = 108.98, p < 0.001).   
In both nutrient sources, the Partitions had a significant effect on assemblage 
respiration.  The next stage of the analysis showed that the effect of linear richness was 
non-significant in both environments.  It therefore followed that further aspects of 






Figure 5.1: The relationship between increasing numbers of ecotypes and 
respiration in two distinct nutrient environments.  The respiration, in UCO2, (y-axis) 
for each of the microcosm mixes (-) are shown at each of the ecotype richness levels (x-
axis).  Mean respiration (•) did not match with increasing ecotype richness in both the 







 AIC Res.Df RSS F p 
1 Respiration ~ 1 - - 167 1.15 - - 
2 1 + REP 0.00 -354.8 166 1.15 1.70 0.196 
3 2 + P 0.61 -508.5 164 0.45 124.77 <0.001 
4 3 + LR 0.62 -509.6 163 0.45 1.35 0.272 
5 4 + C 0.70 -526.3 152 0.36 2.72 0.006 
6 5 + NLR 0.71 -523.7 148 0.34 1.46 0.285 
7 6 + Q 0.73 -516.6 138 0.31 1.53 0.145 




 AIC Res.Df RSS F p 
1 Respiration ~ 1 - - 167 1.54 - - 
2 1 + REP 0.01 -308.4 166 1.52 17.23 <0.001 
3 2 + P 0.82 -589.8 164 0.28 289.86 <0.001 
4 3 + LR 0.82 -587.8 163 0.28 0.00 0.995 
5 4 + C 0.86 -601.7 152 0.23 2.46 0.012 
6 5 + NLR 0.86 -597.8 148 0.22 0.89 0.505 
7 6 + Q 0.87 -592.6 138 0.20 1.74 0.085 
8 7 + M 0.94 -598.0 83 0.10 1.46 0.058 
 
Table 5.3: The ANOVA table for the analysis of the respiration produced by the 12 
P. aeruginosa ecotypes in Tryptone Water and DHB.  For each step in the analysis a 
new variable was entered.  The fit of the model (R
2
 and AIC) were calculated.  The 
residual degrees of freedom (Res.Df) and residual Sums of Squares (RSS) are a measure 
of the variation left within the data.  The results of the ANOVA (F-test and p-value) 
were also calculated for each variable based on the significant amount of variation 




The contributions of the individual Pseudomonas aeruginosa ecotypes were 
affected by the nutrient source. 
In this study, the impact of phenotypic variation between ecotypes that were the 
same species was examined. As previously shown these were almost indistinguishable 
at the 16S rRNA gene level and as such had the same T-RF length. It was therefore not 
possible to detect these individual ecotypes at the end of the experiment by T-RFLP 
profiling. For this reason, each of the P. aeruginosa ecotypes was given the same 
weighting and a binary matrix was used to code presence or absence in the microcosms. 
 
Tryptone Water 
The isolate composition term was calculated by using the sum of the SS 
accounted for by each isolate in the analysis.  In this way, the isolate composition term 
becomes the amount of variance accounted for by the mix of ecotypes as a whole. 
Isolate composition was shown to have a significant impact on respiration (F11,55 = 2.72, 
p = 0.006).  The isolate coefficients were calculated by taking the mean residuals 
associated with the microcosm mixes in which each isolate was present (Figure 5.2).  
These ranged from -0.032 to 0.036 coefficient units (CU) and were a mixture of four 
positive and seven negative coefficients.  Four P. aeruginosa ecotypes, dwr1, dwrPa2, 
dwrPa10 and dwrPa11, showed significant effects in relation to the extent of respiration 
recorded in the microcosms in which they were present (F1,55 > 4.11, p < 0.048).   
The coefficients for the non-linear richness term were found to range from -
0.016 to 0.022 CU though no significant effect on respiration was identified (F4,10 = 
1.46, p = 0.285).  Overall, the model with the non-linear richness term entered 
accounted for the majority of the variance within the data (R
2
 = 0.71). 
 
Defibrinated Horse Blood 
Here, again, it was found that isolate composition had a significant effect on the 
assemblage respiration (F4,10 = 2.46, p = 0.012) with the individual isolate coefficients 
ranging from -0.02 to 0.02 CU (Figure 5.2).  These coefficients were shown to be 
evenly distributed with six positive, dwrPa2 - 7, and six negative isolate coefficients.  
Of these, two ecotypes were found to have negative and significant effects on 
assemblage respiration (F4,10 > 4.65, p < 0.036). 
The non-linear richness levels had coefficients which ranged from -0.008 to 
0.014 CU.  This variable was found to have no significant effect on the variance within 
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the data (F4,10 = 0.89, p = 0.505).  Overall, the full model accounts for the majority of 
the variance within the data (R
2
 = 0.86). 
 
Comparison between nutrient sources 
In these analyses, neither of the richness terms (linear or non-linear) was 
significant.  In both media however, the Composition term was significant, and the 
ecotype contributions were mixed.  With the exception of one isolate (dwrPa3), all of 
the ecotypes changed the sign of their coefficients with the change in nutrient source. 
Once the full model was assembled, the majority of the variance in the dataset 
was accounted for (R
2
T = 0.88; R
2






Figure 5.2: The individual ecotype coefficients in both media.  The coefficients for 
the 12 P. aeruginosa ecotypes in both the Tryptone water and the DHB show that, with 
the exceptions of dwrPa3, dwrPa8 and dwrPa12, all the ecotypes behaved differently in 
different environments.  This result also indicated that there was variation between the 
ecotypes as to how they contributed to the total activity of the assemblage.  The full 





This Chapter presented results from an experiment investigating the effects of 
biodiversity on respiration using ecotypes of a single bacterial species.  The study 
reported here made use of the “microdiversity” hypothesised to be present within 
bacterial species and reported specifically for P. aeruginosa in the context of CF airway 
infection with this species (Moore et al., 1998; Smith et al,. 2006).  Microdiversity can 
be envisaged here as the phenotypic variation present within a species.  12 
phenotypically-distinct ecotypes, confirmed as Pseudomonas aeruginosa, were 
obtained.  The degree of genomic similarity between these ecotypes is not known, but 
the phenotypic differences identified support some degree of genetic divergence.  These 
ecotypes were assembled into microcosm mixes and the total respiration measured, as 
previously described (Chapter 3b). 
No significant linear richness effect on respiration. 
No significant effect on respiration was found by increasing the number of 
ecotypes in the assemblages as shown by the linear regression.  This was in contrast to 
the results in the previous chapter for multispecies assemblages and was, to some 
extent, unanticipated.  This result – a neutral effect of biodiversity in ecotype 
assemblages – has however, been supported by the findings of Zhang et al. (2009) in 
which an increase in the number of phenotypically distinct Pseudomonas fluorescens 
isolates did not affect ecosystem function.  Both studies suggest that the ecotypes of the 
species in question do not contribute in an additive manner.   
The observed lack of obvious additive effect may have a number of 
explanations.  Genomic differences within P. aeruginosa have been shown to occur 
over the course of a chronic infection.  Smith et al. (2006) showed that a single isolate 
of P. aeruginosa can produce many radiated mutants over a 96 month chronic infection.  
Between the different lineages of a species phenotypic, and genotypic, variation has 
been shown to be present (Flynn et al., 2011).  These phenotypic differences may also 
confer advantages over other lines of that species or over other species, for example in 
niche exploitation (Latta et al., 2011).  This process can explain why different species 
have an additive component (as described in the previous Chapter), as the species are 
able to use different aspects of the nutrient (such as a raw carbon source, or a 
downstream digestion product).  This is made possible by the large different metabolic 
potential “metagenome” present in the species.  For this reason, the species are rarely in 
outright competition. This study, however, used ecotypes from the same genetic species, 
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where the difference in traits may stem from mutation or transfer events in the same 
parental lineage (Smith et al., 2006). These isolates are derived from a common 
ancestor and therefore their ability to utilise substrates can be expected to be similar.   
It has been postulated that the presence of microdiversity is present in many 
microbial systems (Jaspers & Overmann, 2004).   This microdiversity may also confer 
enhanced fitness for a species over a broader range of conditions than more 
phenotypically-homogenous populations (Moore et al., 1998). 
Variation driven by selection effects 
The results above have shown that there is no significant effect of isolate 
richness on mean respiration.  The data still show a large amount of variation.  This 
variation may be explained by the ecotype composition term or the selection effects.  
This is most easily demonstrated by the ecotype coefficients (Figure 4).  These show a 
general trend of each of the ecotypes “polarising” their coefficients between the nutrient 
sources. This may indicate that two sub-populations of P. aeruginosa were present 
within these ecotypes.  The results showed that only a single isolate, dwrPa3, had 
positive coefficients in both environments.  The other ecotypes were split five to six as 
having positive coefficients in the DHB and Tryptone Water respectively. This 
explanation for the polarised coefficients, which is an example of niche exploitation, is 
supported by work from Jaspers & Overmann (2004) who suggest that differential 
growth rates between isolates of Brevundimonas were due to differential utilisation of 
carbon sources. 
Phenotypic variation  
In this study, a number of assays were used to determine a range of phenotypes 
for a collection of P. aeruginosa ecotypes.  Previous studies have used colonial 
morphological differences to phenotypically-distinguish lines of P. fluorescens in BEF 
experiments (Zhang et al., 2009).  Whilst such morphological variation has been shown 
in isolates of P. aeruginosa grown from CF sputum previously, these characteristics 
were insufficiently detailed to separate the ecotypes studied here.  As such, other 
phenotypic differences were required.  The assays that were selected exploited traits that 
were considered distinct from the processes controlling the utilisation of the Tryptone 
Water and DHB nutrient sources.   Despite the colonial morphological similarities 
shown by this collection of ecotypes, it was found that only a limited number of 
phenotypic assays were required to differentiate the ecotypes primarily through their 
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antibiotic susceptibility profile.  Phenotypic variation within genetically similar isolates 
has been shown frequently in clinical P. aeruginosa isolates (e.g. Foweraker et al., 
2005) and in aquatic bacterial species (Moore et al., 1998; Jaspers & Overmann, 2004).    
The results indicated that there was no significant effect of non-linear richness 
on respiration.  This was consistent with the results that indicated a strong role for the 
isolate composition term.  If the driver of variation is the selection of the isolate(s) 
within a microcosm, then the degree to which there is an interaction may become less 
relevant as there is increased scope for the occurrence of overachieving ecotypes.  To 
investigate further the possibility of subpopulations, the mean monoculture respiration 
for each of the ecotypes was ranked for both of the nutrient sources.  In both media, the 
highest ranking P. aeruginosa ecotypes were the same ones that were shown to have 
positive isolate coefficients.  This further supported that microdiversity existed and was 
capable of affecting the within richness level respiration.  
Conclusions 
This study has identified and investigated an aspect of the previous BEF 
experiment that remained unexplored, namely the impact of using phenotypically-
distinct isolates of the same species.  With respect to the effect of biodiversity on 
respiration, only the composition and species effects were significant in the manipulated 
assemblages.  The number of different ecotypes present within the assemblages had no 
significant positive or negative effect on the respiration.  Evidence was found to support 
their being distinct sub-populations of P. aeruginosa ecotypes in this study.  This may be 





6. Cooperation between bacterial species increases in higher 
richness levels on single carbon substrates. 
6.1 Introduction 
In previous chapters, the individual species and interaction terms were found to be 
mediated by the environment.  It was therefore resolved to study their relative 
contribution in greater detail. This study did so by assaying a set of assemblages with a 
series of single carbon substrates.  The BIOLOG system used here has previously been 
published as a means to assess bacterial community phenotypes, but not in BEF 
experimental studies.  
The BIOLOG assay system monitors the respiration of bacterial cells using a redox 
reaction indicator dye, tetrazolium violet (Garland & Mills, 1991; Bi et al., 2011).  
Initial development and results using the BIOLOG system were reported by Garland in 
a series of publications (Garland & Mills, 1991; Garland 1996; 1997).  These studies 
showed the robustness and reproducibility of the system to elucidate phenotypic 
differences between bacterial communities.  These phenotypic differences were assayed 
by testing for bacterial respiration on a series of single carbon sources (SCSs) arranged 
in a 96-well plate system. This system was later developed to assay phenotypic traits in 
whole samples from communities. Of the different types of BIOLOG plates devised, 
one has been designed for bacterial ecologists with three replicated sets of SCSs.  This 
plate is called the EcoPlate™ and consists of 31 SCSs plus one negative, no-substrate, 
control per replicate. The 31 substrates present in the EcoPlate™ can be split into seven 
types; amines, amino acids, carbohydrates, carboxylic acids, phosphorylates, an ester 
and polymeric substrates (Garland & Mills, 1991; Yang C. et al., 2011).    
The previous chapters have also introduced and applied the Random Partition 
Design (RPD) to consider aspects of biodiversity.  If the experiments however, were re-
designed to be fully factorial (i.e. all the species present will be with the other species in 
every combination) then the RPD method would not be needed.  As there would be no 
partitions as all combinations would be included and as each species would be present 
more than once at each richness level, the design would no longer be balanced.   
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Previous studies have successfully used a fully factorial design to investigate 
ecological mechanisms between small numbers of organisms or variables (Harrison et 
al., 2007; Wießhaupt et al., 2012).  In this study, the number of bacterial species used 
was restricted to six to make a fully factorial experiment practicable. Four levels of 
richness (1, 2, 3 and 6 species) were established.  Each species or species combination 
was tested for their ability to utilise one or more of the 31 SCSs.  A general linear 




6.2 Materials & Methods 
Bacterial culturing and identification 
Bacterial species used in this study were isolated and identified as previously 
described (Chapter 2.1 and 3a).  
Bacterial preparation and EcoPlate™ community level phenotypic profiling 
Bacterial culture preparation and EcoPlate™ community level phenotypic 
profiling was performed as previously described (Chapter 2.10).  Respiration 
measurements (see below) were taken at both 24 and 48 hours post inoculation with the 
values at 48 hours used in the further analysis. 
Microcosm assembly 
Bacterial species were assembled into microcosm mixes as previously described 
(Chapter 2.7).  For this experiment a fully factorial design was used to create 
assemblages with one, two, three and six species.  Species richness levels four and five 
were excluded.  This resulted in a total of 42 separate microcosms (six at one species, 
15 at two species, 20 at three species and one at six species) excluding independent 
replication.  
Statistical analysis 
Prior to any statistical analysis the OD590 measurements were corrected as 
previously described (Chapter 5.2).  For assessing phenotypic variation between the 
microcosms, these OD590 values were converted into binary scores, i.e. all values above 
the detection threshold were deemed “positive” and scored 1. These binary scores were 
converted into a distance matrix of Jaccard’s distance coefficients (eq.1): 
 
 = 1 − 	         [1] 
 
where: a = the number of “positives” shared between two microcosms, b = number of 
positives unique to the first microcosm, and c = number of positives unique to the 
second microcosm.  The resulting tree was drawn using the hierarchical clustering 
complete linkage method to link similar clusters within this distance matrix in R 
(v.2.12.2 – v.2.13.0).   
140 
 
The effects of the explanatory variables (time, species richness) were analysed 
by using a two-way ANOVA.  All assumptions for parametric statistics were assessed 
using visual analysis and confirmed using the Shapiro-Wilk normality test and the 
Fligner-Killeen test of homogeneity of variances.  In the event of the models used 
failing these assumptions, non-parametric statistics (Kruskal-Wallis and Wilcoxon rank 
sum test) were used in preference to parametric tests. Transformations were not 
performed on these data (Chapter 4); with non-normal errors not undermining the model 
or allowing simple comparisons between the environments tested. 
A general linear model (GLM) was also used in this study.  The model was 
altered from the one previously described (eq.10; Chapter 3c) due to the fully factorial 
design of the experiment.  This model (eq.12) entered variables of the replicates, linear 
and non-linear richness and species composition only.   
 B = 	C> + CEMNFEMN + CDEFE + ∑ (CF)AJ + CIDEFE + &   [12] 
 
Due to the omission of the Q and M terms, the F-test denominator chosen for all the 
variables was the final residual sums of squares.  Orthogonality of the variables was 






6.3  Results 
Selection of bacterial species 
The phenotypic variation between 12 species used in BEF experiments (Chapter 
3a) was measured through their ability to grow on 31 different single carbon sources 
ranging from single amino acids (i.e. Serine) to long polymeric molecules with pentose 
rings (i.e. Tween 80; Table A5). Table A6 (Appendix) shows a binary matrix of the 
usage of the single carbon sources (SCSs).  The data in this matrix were converted by 
the complete linkage method to a tree (Figure 6.1) that shows the 12 species in clusters 
based on overall patterns of utilisation of SCSs.  Certain species were found to have 
similar overall patterns of utilisation and therefore clustered together.  Here two groups 
with indistinguishable profiles were observed, S. maltophilia, B. cepacia with S. 
haemolyticus and A. baumannii with S. sanguinis.  These species within the clusters had 
a mean Jaccard’s distance of 0.00.  Conversely, species with very different patterns of 
utilisation were also identified.  The most phenotypically dissimilar isolates in this assay 
were S. pneumoniae and P. aeruginosa which had a Jaccard’s distance of 0.91.  Two 
broad clusters were found with a single outlier, S. pneumoniae.  The first cluster 
contained S. mitis, A. xylosoxidans, S. marcescens, A. baumannii and S. sanguinis.  The 
second cluster was comprised of P. aeruginosa, S. aureus, E. faecium, S. haemolyticus, 
S. maltophilia and B. cepacia.  
For the purpose of experimentation, it was important that reproducible patterns 
of SCSs utilisation were detected for these species. As such, these assays were repeated 
independently twice with indistinguishable results obtained.  Six species were chosen 
for inclusion in this study with SCS utilisation patterns distinct from one another. The 
species chosen on this basis were A. baumannii, A. xylosoxidans, P. aeruginosa, S. 
aureus, S. maltophilia and S. pneumoniae.  The mean Jaccard’s distance between these 







Figure 6.1: Tree based on the binary EcoPlate™ SCS utilisation profiles of the 12 
species used in BEF experiments.  12 bacterial species were assessed for their ability 
to utilise 31 carbons sources in an EcoPlate™.  In this diagram, the Jaccard’s distances 
are approximated by the physical length between the bacterial nodes (cophenetic 
correlation coefficient = 0.964).   The full distance matrix from which this tree was 




The effect of time and species richness was significant on overall community 
respiration. 
Assemblages were set up containing one, two, three and all six of the species 
above.  As such, a total of 42 assemblages were tested in the BIOLOG system with all 
assays independently replicated twice.  OD590 values were recorded as a measure of the 
respiration of the bacterial assemblages at 24 and 48 hours post incubation.  Each assay 
included a no-substrate control blank that was used to determine values regarded as 
positive as previously stated in the materials and methods. 
 The assemblage respiration recorded after 24 hours had a mean of 0.68 OD590 
(SD = 1.05, n = 1376).  This was lower than the mean assemblage respiration recorded 
after 48 hours (mean = 1.00 OD590, SD = 1.25, n = 1376).  This difference was shown to 
be statistically significant (V = 45739, p < 0.001) by using a paired Wilcoxon ranked 
sum test.  
The rates of respiration over the two time periods were also assessed.   These 
rates were determined by using linear regression analysis and specifically examining the 
gradients associated with the species richness (shown graphically in the appendix; 
Figure A7).  These analyses showed that all of the gradients were positive over both 
periods of time and for all richness levels (range 0.010 to 0.046).  For monocultures 
collectively, the gradient over the first 24 hour period was found to be steeper than for 
the second 24 hour period; the gradient decreased from 0.019 OD590/ hour (± 0.007 1se, 
n = 192) for the first 24 hours, to 0.010 OD590/ hour (± 0.011 1se, n = 192) for the 
second 24 hour period.  This trend was observed for all of the species richness levels 
tested.  Accordingly, assemblages comprising of two species showed the same trend; 
with the gradient for the first 24 hours, 0.020 OD590/ hour (± 0.004 1se, n = 240) 
decreasing to 0.010 OD590/ hour (± 0.007 1se, n = 240) over the second 24 hours.  
Assemblages with three species showed a decrease in gradient from 0.035 OD590/ hour 
(± 0.004 1se, n = 320) over the first 24 hours to 0.015 OD590/ hour (± 0.006 1se, n = 
320) over the second 24 hour period.  The same trend was observed in assemblages with 
six species with a decrease from 0.046 OD590/ hour (± 0.004 1se, n = 16) over the first 
24 hours to 0.023 OD590/ hour (± 0.004 1se, n = 16) in the second 24 hours. 
When the gradients were compared further, it was found that the increase in 
respiration was significantly greater in assemblages with six species than all of the other 
richness levels (t340 > -2.14, p < 0.001).   A significantly greater level of respiration was 
found in assemblages with three species than those in monoculture over the first 24 
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hours (t340 = -24.83, p < 0.001) but not over the second 24 hours (t340 = -0.87, p = 
0.999).  There were no significant differences found between the increase in respiration 
in monocultures and assemblages with two species (t340 < -0.5, p > 0.900). 
A single time point of 48 hours incubation was chosen for further focused 
analysis to maximise the cumulative respiration signal.  This time period also 
maximised SCS utilisation; although three of the SCSs (D-malic acid, γ-hydroxy butyric 
acid and itaconic acid) did not support the growth of bacteria in any microcosm after 24 
hours, these did support growth after 48 hours. 
Assessment of carbon sources for the support of bacteria assemblages. 
After 48 hours, no growth was observed at any richness level, for 11 of the 31 
carbon sources tested.  These carbon sources were glucose-1-phosphate, D,L-α-glycerol 
phosphate, α-cyclodextrin, glycogen, α-D-lactose, β-methyl-D-glucoside, i-erythritol, 
D-mannitol, D-glucosamic acid, D-galacturonic acid and L-threonine.  These SCSs 
were omitted from further study.  Growth on a further four carbon sources (2-hydroxy 
benzoic acid, glycyl-L-glutamic acid, D-galactonic acid γ-lactone and 
phenylethylamine) was detected, but was only found in the presence one of the six 
species selected.  As their impact on the experiment was limited to these species, these 
were also no longer studied. 
Sixteen SCSs remained in the analysis. These were 4-hydroxy benzoic acid, α-
ketobutyric acid, L-arginine, L-asparagine, D-cellobiose, D-malic acid, γ-
hydroxybutyric acid, itaconic acid, N-acetyl-α-glucosamine, pyruvic acid methyl ester, 
L-phenylalanine, putrescine, L-serine, Tween 40, Tween 80 and D-xylose.   
Although these SCSs were found to support only a limited number of bacterial 
species in monoculture, in higher richness levels the utilisation of the SCSs did not rely 
on specific bacterial species.  All of these 16 SCSs could be utilised by the six species 
when combined.  This utilisation became a function of biodiversity.  Therefore these 
SCS were included in the further analytical steps. For the six species in monoculture, 
the most widely used SCSs were pyruvic acid methyl ester, Tween 40 & Tween 80 with 
four of the species able to utilise this substrate.  The next most widely utilised SCSs 
were 4-hydroxy benzoic acid, L-arginine, L-asparagine, N-acetyl-D-glucosamine, L-
phenylalanine, and D-xylose which could be utilised by three species.  Α-ketobutyric 
acid and L-serine were utilised by two species with D-cellobiose, γ-hydroxybutyric acid 
and itaconic acid used by one species in monoculture. D-malic acid could not be used 
by any of the species in monoculture.   
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Increasing linear richness and species composition have significant effects on 
community respiration. 
For all of the 16 informative SCSs investigated in this study, a GLM (eq.12) was 
used to analyse the effect that biodiversity (linear richness, species composition and 
non-linear richness) had on the respiration detected.   
 B = 	C> + CEMNFEMN + CDEFE + ∑ (CF)AJ + CIDEFE + &    [12] 
Partitioning the variance of these explanatory variables found that orthogonality 
was conserved between the replicate	(CEMN), species composition	(CH) and non-linear 
richness 	(CIDE) terms regardless of the inclusion of the linear richness term (data not 
shown).  As the order in which the variables were entered into the model was shown not 
to affect the variation they accounted for, the terms were entered as previously 
described (Chapter 3c).  
The data (shown graphically in the appendix; Figure A8) were analysed using 
eq.12 and the outputs of the ANOVAs (F-test and p-values) are presented in Table 6.1.  
The ANOVA found that the replicate term had a significant effect for seven of the 16 
SCSs tested (F1,74 > 4.25, p < 0.043).   This term however, accounted for a mean model 
fitness of less than 2% (mean R
2
 = 0.02, SD = 0.02, n = 16).   
The results also showed that linear richness (F1,74 > 8.49,  p < 0.005) and species 
composition (F1,74 > 3.96,  p < 0.001) were highly significant in all of the SCS tested, 
with the exception of γ-hydroxybutyric acid.  For γ-hydroxybutyric acid, the species 
composition had a significant effect (F5,74 = 7.62, p < 0.001) but the linear richness term 
was found to be non-significant (F1,74 = 2.65,  p = 0.108).  The fitness of the model was 
tested after the linear richness term was entered.  The analysis found that 11% (mean R
2
 
= 0.11, SD = 0.04, n = 16) of the mean variance was accounted for.  After the species 
composition had been entered, the mean model fitness increased to over 50% of the 
variance being accounted for (mean R
2
 = 0.57 SD = 0.14, n = 16). 
The species coefficients were calculated as the mean residuals for all the 
microcosms in which a given species was present.  The coefficients are shown for all 
the SCSs tested in Figure 6.2.  These results indicated that A. baumannii and A. 
xylosoxidans were the species with the most number of positive coefficients (ten and 
eleven from 16 SCSs respectively).  The results also found that in the six SCSs where A. 
baumannii was shown to have negative coefficients, S. maltophilia was found to have a 
positive coefficient.   
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Further to the linear richness and species composition, the significance of the 
non-linear richness term was also analysed.  The non-linear richness terms were found 
to be significant in only two of the 16 SCS tested.  These two substrates were Tween 40 
(F2,74 = 3.82, p = 0.026) and L-asparagine (F2,74 = 3.38, p = 0.039).  The remaining non-
linear richness terms for each of the substrates were found to be statistically non-
significant (F2,74 < 2.63, p > 0.079).  The fitness of the model after the inclusion of the 
non-linear richness term was shown to be only 2% greater than the previous model 
(mean R
2




    
Pyruvic acid 
methyl ester 
Xylose Tween 40 Tween 80 
  df F p F p F p F p 
REP 1 2.56 0.110 2.90 0.093 2.92 0.091 7.98 0.006 
LR 1 25.78 <0.001 20.61 <0.001 19.07 <0.001 14.16 <0.001 
Comp 5 15.99 <0.001 16.29 <0.001 14.17 <0.001 15.44 <0.001 
NLR 2 2.23 0.120 2.63 1.000 3.82 0.026 2.42 0.096 
    Serine Phenylalanine Arginine Asparagine 
  df F p F p F p F p 
REP 1 8.12 0.006 4.42 0.039 4.25 0.043 5.12 0.027 
LR 1 30.37 <0.001 15.03 <0.001 19.74 <0.001 9.32 0.003 
Comp 5 22.60 <0.001 23.92 <0.001 23.21 <0.001 18.57 <0.001 
NLR 2 1.17 0.316 1.97 0.147 3.38 0.039 1.97 0.146 






  df F p F p F p F p 
REP 1 2.29 0.135 9.23 0.003 2.39 0.130 4.58 0.036 
LR 1 29.36 <0.001 8.49 0.005 47.32 <0.001 19.60 <0.001 
Comp 5 57.24 <0.001 15.60 <0.001 50.97 <0.001 24.67 <0.001 
NLR 2 0.76 0.473 1.00 0.374 0.00 1.000 2.38 0.100 




Itaconic acid D-malic acid 
A-ketobutyric 
acid 
  df F p F p F p F p 
REP 1 0.83 0.364 0.03 0.873 0.55 0.459 0.16 0.690 
LR 1 2.65 0.108 11.75 0.001 19.42 <0.001 8.62 0.004 
Comp
 5 7.62 <0.001 6.77 <0.001 3.96 0.001 12.13 <0.001 
NLR 2 0.66 0.521 1.03 0.362 1.07 0.349 0.49 0.612 
 
Table 6.1: The effect of biodiversity on respiration of the microcosm mixes grown 
in each of the nutrient sources when analysed by ANOVA.  From the GLM analysis, 
the significance of the effects of the replicates (REP), linear richness (LR), species 
composition (Comp) and non-linear richness (NLR) on the respiration was assessed by 





Figure 6.2: Species coefficients for each of the species in grown on each SCS.  The 
species coefficients for all species (P. aeruginosa, A. baumannii, S. maltophilia, S. 
pneumoniae, S. aureus and A. xylosoxidans) in the experiment are shown.  Asterisks 
denote significance (p < 0.05).   
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The number of microcosms that indicated positive interaction events increased 
with increasing biodiversity. 
The analysis presented here has shown that for the majority of substrates, the 
species richness and species composition have statistically significant effects on the 
respiration of the microcosms.  From this result and the nature of the fully factorial 
design (that every species is in every combination with all the species), the hypothesis 
that all the contributions were additive was tested.  
If the monocultures were able to “predict” the respiration of the higher 
complexity microcosm mixes, then this result would suggest that the species were 
indeed additive.  To test this, a predicted data set was calculated for each SCS by taking 
the mean of the monoculture respiration for each species present in a given microcosm.  
These results showed that all of the SCSs tested had positive relationships (Figure 6.3) 
between the observed and predicted values. This however was not possible with D-
malic acid utilisation as this SCS was shown not to support growth of any of 
monocultures.  As such, all of the predicted values for D-malic acid equalled zero and 
therefore no regression line could be calculated.   
By subtraction of the predicted from the observed values, the differences in the 
respiration were obtained. These differences in respiration, termed differentials, were 
ranked in order of magnitude and are shown as plotted in Figures 6.4 – 6.6.  These 
results showed that the number of positive differentials increased as the species richness 
increased. 
In Figure 6.4, the mean differential was 0.31 (SD = 0.77, n = 240) for the 240 
two species microcosm mixes.  The microcosm mixes with three species are shown in 
Figure 6.5.  The mean differential here was 0.56 (SD = 0.67, n = 320).  Using a 
Wilcoxon rank sum test, the median differentials of the three species richness level 
microcosms (median = 0.06, 0.29 and 0.49 for richness levels 2, 3 and 6 respectively) 
were found to be statistically significantly greater than those of the two species mixes 
(W = 29358, p < 0.001).  In the 16 microcosm mixes with six species present (Figure 
6.6), the mean differential was 0.63 (SD = 0.49, n = 16).  Using a Wilcoxon rank sum 
test, it was found that there was no statistically significant difference between the mean 
differential of the six species microcosm mixes and that of the three species mixes (W = 
2933, p = 0.326).   
The differentials were calculated to be positive, negative or neutral (differentials 
= 0.00).  Of the differentials calculated for the two species microcosm mixes, 30% (72) 
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showed negative values, 12.9% (31) were neutral and the remaining microcosm mixes 
(137) had positive differentials.  The number of negative and neutral differentials 
reduced in the 320 three species microcosm mixes with only 11.6% (38) negative and 
4.4% (13) recording a zero difference.  The remaining 269 microcosm mixes were 
found to have positive differentials.  For the 16 six species assemblages, the 
differentials increased so there were no negative or zero values observed.  The 
significance of the effect of increasing species richness on the differences in respiration 
was tested using linear regression.  This result found that species richness significantly 
(F1,574 = 52.60, p < 0.001) increased the differentials by 0.269 (± 0.037 1se, n = 576) for 





Figure 6.3: Correlations between the observed and predicted respiration values 
when grown on each SCS.  Predicted respiration values (x-axis), calculated from the 
mean monoculture measurements, were plotted against the observed respiration values 
(y-axis).  Linear regression lines were fitted to the plots.  Each of the 16 SCS used were 
plotted individually:  a = 4-hydroxy benzoic acid, b = α-ketobutyric acid, c = arginine, d 
= asparagine, e = D-cellobiose, f = D-malic acid, g = γ-hydroxy butyric acid, h = 
itatonic acid, I = N-aceyl-D-glucosamine, j = pyruvic acid methyl ester, k = 







Figure 6.4: The difference in respiration between the observed and predicted 
values in microcosms with two species present.  By subtraction of the predicted from 
the observed values, the differences in the respiration were obtained. These differences 
in respiration, termed differentials, were ranked in order of magnitude.  The magnitudes 
of the differentials were plotted on the y-axis.  Along the x-axis, the differentials were 
ranked in order of their magnitude.  Each differential represents one of 240 assemblages 








Figure 6.5: Respiration from three species assemblages showed that the observed 
values were higher than predicted in the majority of cases.  By subtraction of the 
predicted from the observed values, the differences in the respiration were obtained. 
These differences in respiration, termed differentials, were ranked in order of 
magnitude.  The magnitudes of the differentials were plotted on the y-axis.  Along the 
x-axis, the differentials were ranked in order of their magnitude.  Each differential 
represents one of 320 assemblages of three bacterial species grown on a distinct SCS.  
The red line represents the 160
th





Figure 6.6: The respiration measured in six species microcosms showed increased 
respiration in the observed values than predicted by additive monoculture values.  
By subtraction of the predicted from the observed values, the differences in the 
respiration were obtained. These differences in respiration, termed differentials, were 
ranked in order of magnitude.  The magnitudes of the differentials were plotted on the 
y-axis.  Along the x-axis, the differentials were ranked in order of their magnitude.  
Each differential represents one of 16 assemblages of six bacterial species grown on a 




6.4  Discussion 
In this chapter, the aims were to investigate the influence of a variety of simple 
carbon sources on the relationship between biodiversity and respiration. This was 
implemented using a fully factorial design at four species richness levels (1, 2, 3, and 6) 
with six bacterial species.  The overall conclusion from this chapter is that, in general, 
the higher the species richness levels the more likely that the respiration obtained 
surpassed the additive effect of the microcosm mixes.   
Linear richness effects are generally significant across all nutrient sources 
In this study, all 16 SCSs analysed were associated with significantly positive 
linear richness gradients.  The selection of SCSs for the analysis was however, based on 
the ability for the majority of the species to utilise the substrate thus allowing the effect 
of biodiversity on respiration to be observed.  The presence of significant linear richness 
effects were supported by the findings presented in Chapter 4, albeit with individual 
substrates rather than the previous nutrient systems.  This result also showed that the 
respiration of the system was not tied to the ability of the species to respire in 
monoculture.  To date, no previous study has used a BIOLOG system to investigate the 
impact of biodiversity on community respiration. 
The higher species richness produced a higher level of synergistic cooperation 
In this study, a set of predicted values was created using the respiration recorded 
by the monocultures.  These were the respiration that was predicted if the species were 
simply additive in effect.  By subtracting the predicted from the observed respiration 
values, it was possible to identify how the microcosms differed from the additive 
monocultures (Loreau & Hector, 2001).  These results showed that as the diversity of 
the assemblage increased, then the number of observed positive outcomes also increased 
(Figure 6.4 – 6.6).  This indicated that more diverse assemblages were more likely to 
produce a greater than predicted respiration.   
Two mechanisms in BEF experiments are key when attempting to account for 
this variation. These are the selection and complementarity effects (Loreau & Hector, 
2001; Fox, 2005).  The importance of these effects when analysed in the GLM is 
discussed below.  First, the discussion will focus on how the increase in synergistic 
interaction with increasing species richness is apparent from the results.  
To have higher than predicted respiration suggested that the species present were 
able to interact synergistically, or exhibit overyielding (Hector et al., 2009) and respire 
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at a level greater than that predicted by the monoculture measurements.  To achieve this, 
the species present must be able to interact in a way that increases the productivity of 
the mixture above that of the monoculture. 
This increase in synergistic interactions with increasing species number informs 
on the nature of these bacterial communities.  At the lower two species richness level, 
about a fifth of the microcosms had respiration levels lower than that predicted by the 
monocultures (Figure 6.4).  This number of negative residual respiration values reduced 
to just over 10% in the three species assemblages (Figure 6.5).  No negative values were 
found in the six species assemblages (Figure 6.6).  This may indicate that negative 
interactions are only observed in assemblages where there are a lower number of 
species.  As the number of species increases, then positive synergistic interactions may 
become more likely to dominate.  This synthesis of the results is in contrast to Becker et 
al. (2012) who found that as the number of genotypes increases from a single species; 
the complementarity decreases.  This thesis has already shown (Chapter 5) that P. 
aeruginosa isolate assemblages behave differently than mixed species ones.  The 
difference between results from Becker et al. (2012) and this present study may be a 
function of how the data were collected.  Had the final abundances of the assemblages 
in this study been recorded as in Chapter 4, it would have been possible to re-analyse 
the data in the same way as Becker et al. (2012), using the additive partition design 
(Loreau & Hector, 2001), to more directly compare the findings.   
It is interesting to ask why synergistic interactions are more prevalent at higher 
species numbers. This increased prevalence of synergistic interactions could 
theoretically be due to a number of different reasons.  Firstly, if two species display a 
highly negative interaction in a two species microcosm, as the number of bacterial 
species present increases this negative interaction may be diluted.  This dilution effect 
could serve to reduce the opportunity for these species to directly interact and any 
interactions become increasingly less likely to be exclusively between the two species 
in question.  Such an effect could of course be studied by a set of experiments that 
manipulate the environmental viscosity at the same time. Secondly, with an increased 
number of species there is a greater chance for one or more of the species to be, by 
chance, better at utilising the given SCS.  This is the selection effect as discussed in the 
previous chapters.   Lastly, with an increase in the species number there is a better 
chance that there is one or more species that will cooperate and “decide” to expend 
energy and cleave bonds in the carbon source.   
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This result was in part unexpected. This was because of the limited scope 
(compound targets) for each of bacterial species to utilise the SCSs differentially. These 
observed enhancements in respiration, perceived to be synergies, could arise from a 
number of processes including the utilisation of neighbours waste products which 
otherwise could have been inhibitive. 
The significant effect of time on the respiration of the microcosm mixes. 
 In this study, respiration was measured at two time points; after 24 hours and 48 
hours post inoculation.  Although respiration increased over both time intervals from 24 
to 48 hours the rate of increase was less than that over the first 24 hours and higher 
diversity assemblages respired at a higher rate than less diverse assemblages over both 
time points.  This decreasing relationship between time and respiration has previously 
been described (Langenheder et al., 2010; Yang L. et al., 2011).  In mixed species 
assemblages cooperation has been shown to enhance the productivity of the assemblage 
(Elias & Banin, 2012).  This cooperation can however, also lead to the presence of 
cheaters that use less energetically challenging substrates or metabolic pathways 
(Hibbing et al., 2010).  The presence of cheaters overwhelming the microcosm could 
account for the reduction of respiration.  Alternatively after 24 hours the species may 
have become predominant, thus reducing the respiration over the second time period. 
Species composition is the most important variable but selection effects seen 
The species composition effect, in this study, has been shown to drive variation 
in addition to the linear richness term.  The species coefficients (Figure 6.2) showed that 
there were typically only three species, A. baumannii, A. xylosoxidans and S. 
maltophilia that produced positive coefficients.  The GLM analysis confirmed that the 
species composition had a significant effect on the respiration (Table 6.1). 
This study was especially suited to identifying the selection effect in 
assemblages due to the fully factorial design.  This is because the species are in all 
possible combinations, therefore a greater amount of data are generated.  The use of 
SCSs however narrows the niches available for these species to occupy.  This therefore 
produces a greater selection pressure on the species present depending on whether or 
not they can successfully compete for the substrate, its cleavage by-products or waste 
from other species (Flynn et al., 2011).   
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Non-linear richness was rarely significant 
In this study, the interactions were investigated by both the non-linear richness 
term and by comparing the observed respiration against the additive predicted values.  
The comparison between the observed and predicted values has yielded some 
interesting conclusions about the drivers of the biodiversity effect; however the non-
linear richness term was shown to be significant in only two of the sixteen SCSs tested.  
The species coefficients may mean that more specific interactions were occurring, as 
illustrated by alternating positive coefficients between A. baumannii and S. maltophilia, 
than indicated by the GLM analysis.  This suggests these species were able to exploit 
contrasting niches (Foster & Bell, 2012).  Further evidence for this was also observed 
by the positive coefficients of both A. baumannii and A. xylosoxidans being present 
together for many of the SCSs.  This suggests that these two species were able to 
synergistically interact.   
In this study, the GLM could be underplaying the importance of the non-linear 
richness term due to its apparent non-significance.  In the previous chapters however, 
the non-linear effect was primarily associated with the deviation of the mean species 
richness from the linear regression line.  These studies had 12 species present whereas 
this current chapter used six species.  The reduced number of species may have resulted 
in the deviation of the means not being significant.  Gaining an improved understanding 
of interactions in BEF is an important direction for future research in both 
environmental and clinical scenarios.  It is proposed that the general increase in 
respiration above that predicted by the monocultures is due to interactions.  Further 
study into the expression profiles of the bacteria is required to investigate the 
physiological and biochemical mechanisms behind the synergies to elucidate how these 
interactions occur within the assemblages.  As far as it does, this study produced 
evidence that interactions within assemblages are important in terms of biodiversity 
effects on respiration. 
Conclusions 
This chapter has investigated the ability of an assemblage of bacterial species to utilise 
and respire one of 16 single carbon sources.  Through GLM analysis, it has been shown 
that both the species richness and the species composition have significant effects on the 
respiration recorded. It was also found that respiration of higher diversity assemblages 
was not dictated by the respiration recorded in the monocultures.  The implications of 




7. Discussion   
The primary cause of mortality in individuals with CF is respiratory failure resulting 
from chronic bacterial infections.  A greater understanding of the polybacterial nature of 
this disease is therefore needed.  The focus of this study was on the ecological 
mechanisms at work within these bacterial communities (Harrison, 2007, Yang L. et al., 
2011) as these have the potential to provide fresh insight into this condition.  This thesis 
has been based on applying experimental methodologies to understanding the link 
between bacterial biodiversity and ecosystem function.   
The aim of these studies was to identify the significance of a range of ecological 
mechanisms in relation to their impact on the productivity of bacterial assemblages. 
This was realised using clinically relevant bacterial species isolated from sputum 
samples from individuals with CF.  In this Discussion, the results generated will be 
considered in relation to the ecological mechanisms occurring between bacteria in CF 
associated airway disease.   
Previous reports have investigated the structure of the bacterial communities in 
CF associated airway infections (Harrison, 2007; Stressmann et al., 2012) and have 
stressed the need to understand the ecology of these communities.  Harrison (2007), in 
her review of the microbial ecology of CF respiratory infections, speculated that there 
are interactions between species that increase the pathogenicity of the community.  
Although the work in this thesis cannot directly comment on the pathogenicity of the 
assemblages, these studies have provided evidence that synergistic interactions occur 
and the species richness and selection effects are ecologically significant. 
7.1 A brief summary of results from mixed species and P. aeruginosa 
ecotypes BEF experiments 
The results from Chapter 4, using 12 different species, and Chapter 5 using 12 P. 
aeruginosa ecotypes are reviewed in Table 7.1.  Briefly summarising these results: 
In the case of the 12 different species, the experimental variables, replicate and 
Partition, were significant in Tryptone Water but not in DHB.  Two of the biological 
variables, linear richness and composition, were significant in both Tryptone Water and 
DHB. The composition term made the greatest contribution to the fit of the model, 
accounting for ~30% of the variance followed by linear richness accounting for ~12% 
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of the variance. The third biological variable, non-linear richness was significant only in 
DHB however it only accounted for ~2% of the variance. 
 In the experiments using P. aeruginosa ecotypes, the Partition term was 
significant in both Tryptone Water and DHB, while the replicate term was only 
significant in DHB.  The only significant biological variable was composition which 
accounted for 8% and 4% of the variance in Tryptone Water and DHB respectively. 
The complete GLMs for the mixed species and P. aeruginosa ecotype 
experiments accounted for similar proportions of the variance within the data (>80%).  
For mixed species, the coefficients of the three biological terms were used to calculate 
predicted values of respiration which were plotted against the observed values.  The fit 
of these simplified models had a mean R
2
 = 0.40 (SD = 0.09, n = 4).  
In all cases there was significantly greater respiration in Tryptone Water than in 
DHB with greater respiration in constrained environments than in mixed.  The viscosity 
of the system also affected the impact of biodiversity on respiration.  In particular, the 
viscosity affected the non-linear richness terms and the positioning of the species 
coefficients.  Nearly all P. aeruginosa ecotypes changed the sign of their coefficients 
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Table 7.1: Outline of the significance of the model terms to the respiration data for 
mixed species and P. aeruginosa ecotypes on four growth substrates. The four 
substrates were Tryptone Water as mixed and constrained, and Defibrinated Horse 
Blood (DHB) also as mixed and constrained environments. The experimental variables 
are labelled REP (replicates) and P (partitions).  The biological variables are labelled 
LR (Linear Richness), C (Composition) and NLR (Non-Linear Richness).  +++ = p < 








Comparing mixed species and mixed P. aeruginosa ecotype BEF experiments. 
The results presented in Chapters 4 and 5 will now be contrasted in further detail 
(Figure 7.1).  For microcosms in Tryptone Water, the respiration values for the species 
and the P. aeruginosa ecotypes in monocultures were not significantly different. 
Significant differences were observed between the linear regression lines.  To explore 
this further, the mixed species in Chapter 4 were considered to be phylogenetically 
distinct with the P. aeruginosa ecotypes considered to be phylogenetically similar.  
Interestingly, the variance within the data may be a factor of the relatedness of the 
species.  The assemblages of P. aeruginosa alone were shown to be much more similar 
in their ability to respire on Tryptone Water than mixed species assemblages.  These 
results also suggest that the between bacterial interactions are likely to be more 
significant in the mixed species assemblages than those with P. aeruginosa alone. 
In DHB, there was no statistical difference between the mean monoculture 
respiration produced by the species and ecotype mixes.  There was however, a 
significant difference between the gradients of the regression lines calculated from the 
relationship between respiration and richness.  These results show that there was a given 
level of respiration that the P. aeruginosa ecotypes achieved when grown on DHB that 
did not differ at any richness level.  This level of respiration was only “bettered” by the 
mixed species assemblages when all 12 were present.  These results have found that the 
monoculture means for either species or ecotypes had no significant differences. Thus 
the difference in the regression lines was related to the species assemblages’ utilisation 
of the wider functional capacities that mixed species growth afforded through 
interaction.   
Overall, these results suggested that the greater the genetic differences between 
the members in a BEF experiment, the more likely they are to interact synergistically in 
an assemblage. This suggestion has been supported by previous studies (Flynn et al., 
2011; Latta et al., 2011; Elias & Banin, 2012) and raised questions on the types of 




Figure 7.1: The respiration measured at each richness level for both mixed and P. 
aeruginosa ecotype assemblages.  The respiration, in UCO2, (y-axis) for each of the 
microcosm mixes (-) are shown at each of the richness levels (x-axis).  The data from 
both the mixed species and single species microcosms have been included.  Mean 
respiration (•) did not match with increasing isolate richness in both the Tryptone Water 





7.2 A brief summary of results from BEF experiments on single 
carbon substrates 
In Chapter 6, the relationship between diversity and respiration of six species 
growing on sixteen simple carbon sources was studied. This was executed using a fully 
factorial design with four species richness levels (1, 2, 3 and 6) and six bacterial species.  
Similar to the 12 species BEF experiments in Chapter 4, it was found that both 
species richness and species composition had significant effects on respiration.  Species 
composition was the most important variable on SCSs, which was the same for both the 
12 species and P. aeruginosa ecotype BEF studies.  In contrast, non-linear richness was 
very rarely significant on SCSs.   
A notable observation on SCSs was that at the higher species richness levels, the 
respiration surpassed the additive effect of the microcosm mixes.  This indicated the six 
species were synergistically interacting, or overyielding.  Given the limited 
metabolic cleavage potential for each of the SCS substrates it may be expected that 
there would be limited benefit from most increases in species richness. In practice, it has 
been observed that that up to the limit of the six species there is a strong tendency for 
respiration to increase with species richness. 
The changes in nutrient substrate or viscosity in Chapters 4 and 5 produced 
marked changes in the in the BEF relationship. Notably in Chapter 6, for the 16 
substrates the BEF relationship was relatively conserved 
7.3 Decisions made affecting the experimental design 
Before any BEF experiments could be fully implemented, key decisions regarding 
the choice of bacteria and the assay of ecosystem function were made.  The bacterial 
species were isolated from adult CF patients on non-selective media in aerobic 
conditions.  To be included in the BEF experiments, all species needed to be 
aerotolerant and to respire producing CO2.  Thus, some commonly reported obligate 
anaerobic CF associated species, such as those from within the genus Prevotella, were 
not included or isolated.    This method of cultivation was similar to other BEF studies 
that have manipulated the biodiversity of bacteria and monitored respiration (e.g. 
Lawrence et al., 2012).  Plate colony isolation yielded a broad range of species, 18 in 
total, from a collection of 155 isolates. Isolation of a similarly wide diversity of 
bacterial species from CF sputum samples using non-selective media has also been 
reported by Coeyne et al. (2002).  Each of the species isolated had been reported as 
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present in CF respiratory secretions in previous studies (Coeyne et al., 2002; Flayhart et 
al., 2004; Guss et al., 2011; Sibley et al., 2011; Filkins et al., 2012; Madan et al., 2012) 
with one exception. This exception, M. luteus, a Gram-positive coccus found in these 
CF samples, has previously been reported as associated with human infections, but not 
previously in relation to the CF airway (Hirata et al., 2009).   
By adulthood, patients are colonised by a higher diversity of bacterial species 
than paediatric patients (Cox et al., 2010).  Of these species P. aeruginosa is one of the 
most prolific colonisers (Lyzack et al., 2002).  Along with other species, P. aeruginosa 
have been shown to persist for years in the CF airways (Smith et al., 2006; Stressmann 
et al., 2012).  Previous studies have also reported a positive correlation between the 
severity of the airway disease and bacterial species richness (Delhaes et al., 2012).  The 
choice of examining sputa from clinically stable (not on IV antibiotics) adult patients 
therefore, gave a strong probability of obtaining a diverse collection of bacteria that 
have been part of, and adapting to, the airway community over a prolonged period of 
time (Yang L. et al., 2011a) 
To monitor accurately the activity of the isolates, the measure of ecosystem 
function needed to be resolved.  Respiration (CO2 production) is a commonly used 
measure in bacterial BEF experiments of ecosystem function (Bell et al., 2005; Salles et 
al., 2009; Lawrence et al., 2012). This measure has been used as it is an assay that does 
not rely on a single metabolic pathway; instead CO2 is generated through metabolic 
activity (Schimel et al., 2007; Salles et al., 2009).  This measure was particularly useful 
in this study as the choices of nutrient sources and the altering of viscosity meant that 
other commonly used methods such as protein production or cell density would have 
been more difficult to assess due to interference resulting from components of the 
media.  The choice of the MicroResp™ system to facilitate these measurements was 
driven by the need for a higher-throughput method than the titration method used in the 
pilot studies.  The original titration methodology had proved too slow to produce 
accurate data.   
Tryptone Water and Defibrinated Horse Blood (DHB), were used as two 
contrasting nutrient sources; one broad in relation to “accessible” nutrient resources, the 
other more recalcitrant.  It should be stressed that many different nutrient sources were 
considered and rejected for the reasons outlined in Chapter 2.2. In addition, the levels of 
the Tryptone Water and DHB used were also iteratively altered so the growth of all 
species was supported and the carbon dioxide levels in the BEF study were detectable.  
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The statistical design and analysis of the data posed another key decision.  For 
its ability to discriminate the three aspects of biodiversity of interest the RPD GLM was 
chosen. The RPD was able to assess the significance of the species number, 
composition and the interaction effects and was suitable for bacterial BEF experiments.  
Other methods of analysis were considered along with the RPD, these included the 
additive partitions design (Loreau & Hector, 2001) and the diversity-interaction model 
(Kirwan et al., 2009). The additive partitions design was developed in order to 
determine the selection and complementarity effects present within a community. It 
does not, however, allow the assessment of individual species. The diversity-interaction 
model allows the assessment of individual species and their scope for interactions, but 
does not allow assessment of selection effects or the increase in species richness. As the 
RPD included all these aspects, it was an appropriate means of analysis.  The 
disadvantage to the RPD analysis was that the biodiversity effects are investigated in 
broad terms which are not so amenable to detailed scrutiny but this was deemed 
necessary to investigate all the mechanisms desired. 
The adaptation of the model was carried out after the data had been generated.  
Initial investigation of the data showed large discrepancies between the replicates and 
high significance values of the variables studied.  Many different approaches, such as 
separating the replicates and the Partitions and averaging the replicates, were applied to 
the analysis of the data (data not shown). However, the most informative analysis was 
the adapted RPD presented here.  Interestingly, differences in the replicate values 
presented here were less extreme than those taken from a previously published study 
(Bell et al., 2005).  The implication of this has potentially wider importance to the field 
of ecology. 
7.4 The relationship of the current studies to CF microbiology  
The motivation behind this study was to investigate ecological mechanisms that 
can exist within bacterial assemblages in CF associated airway disease.  Having a 
polybacterial system means that many species are present, even with the heavy use of 
antibiotics throughout the life of a CF patient, the interaction between the species 
remains high (Rogers et al., 2004; Harrison, 2007).   
Although species diversity has been shown to be high in the sputum samples 
examined in this study, a recent study has reported evidence from ex-planted lungs that 
the bacterial species diversity can be as low as one or two species (Goddard et al., 
2012).  In support of these results, Rudkjøbing et al. (2011; 2012) observed that a low 
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diversity of aerobic species was present in a further five ex-planted CF lungs.  With this 
low level of diversity reported in ex-planted lungs, the potential for synergistic 
interactions between the bacterial species within the lung tissue would be greatly 
reduced.  These results might also imply that the selection effect was highly significant 
in creating a restricted habitat with a single dominant species.   
A major difference between lung and sputum samples is that both Goddard et al., 
(2012) and Rudkjøbing et al. (2011) report findings from “end-stage” patients (i.e. 
samples are from lungs that have been removed from patients).  These studies make it 
clear that the low diversity could be a factor of the end-stage disease.  In contrast, 
Rudkjøbing et al. (2012) reported results indicating that in sputum samples from non-
end-stage patients, a more diverse species load was present.  Typically, sputum samples 
are taken from adult CF patients who are not in need of lung transplantation.  From 
these results, it could be postulated that as the disease progresses and the lung function 
declines, the biodiversity of the system also decreases.  Indeed, this has been supported 
by recent studies (Delhaes et al., 2012; Stressmann et al., 2012).  Goddard et al. (2012) 
also reported data showing an apparent discrepancy between the bacterial component of 
the microbiota characterised in the lung and corresponding expectorated sputum 
samples.  Here, the number of species present in the sputum samples was greater than 
those found in the lung samples.  Despite this, the dominant species, typically P. 
aeruginosa, found within sputum samples was similar, in the majority of the samples, to 
that in the corresponding lung sample (Goddard et al., 2012).   
In the studies investigating ex-planted lungs suggest the focus was on a specific 
time-point in the progression of the disease and therefore cannot be generalised to all 
stages of CF associated pulmonary infections.  This reinforces the need for greater 
understanding of the ecology of these systems and, specifically, the mechanisms that 
lead to dominant species. 
Although this debate about the “true” microbiota colonising the CF lung is on-
going it is clear that sputum samples from CF patients harbour a diverse range of 
bacterial species (Sibley et al., 2009).  Rogers et al. (2006) goes further to show sputum 
bacteria not as contaminants but as part of the airway community.  Species present in 
the lungs, the oral cavity and the upper airways may form a single pool (Rogers et al., 
2006) that may vary in membership over time and stage of disease, by movement, 
acquisition or even dominance of species.  This compounds the need to understand the 
ecological mechanisms between the species in this pool and how they adapt over time 
as assemblages or communities.     
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7.5 Reported results and other BEF studies. 
As demonstrated in Chapters 4 and 6 on 18 different nutrient sources, when the 
biodiversity of a system was altered by increasing the number of species present there 
was a matched increase in respiration.  In contrast to these positive relationships, 
Chapter 5 found that when the biodiversity of the system was altered by increasing the 
number of P. aeruginosa ecotypes, there was no increase in respiration.   
Of the eight studies presented in Table 1.1, all of those using mixed species 
assemblages report positive relationships between biodiversity and ecosystem function 
(Wohl et al., 2005; Bell et al., 2005; Salles et al., 2009; Langenheder et al., 2010; 
Lawrence et al., 2012; Tan et al., 2012).  Those that use single species assemblages 
report either a neutral (Zhang et al., 2009) or a negative (Becker et al., 2012) 
relationship.   The results in this thesis parallel these findings using species from CF 
sputum, a habitat much less diverse in species than natural habitats such as soil or water.  
Due to the potential link between the relatedness of the isolates and the BEF 
relationship, the results of this thesis suggest that the similarities in the 16S rRNA gene 
between the isolates should be taken into account.  This is supported by the work of 
Flynn et al. (2011) and Latta et al. (2011) who discuss the role of phylogenetic distance 
in bacterial biodiversity effects on ecosystem function. 
7.6 The effect of biodiversity within CF airway infections 
The contribution of these BEF relationships to CF microbiology and the 
understanding of the bacterial communities will now be considered.   
The relationship between bacterial biodiversity and patient lung function has been 
reported to be potentially positive (van der Gast et al., 2011; Delhaes et al., 2012).  The 
results in Chapters 4 and 6 suggest that the effect of biodiversity on activity has a 
similar relationship. It is not clear however whether the respiration of an assemblage can 
be correlated in a meaningful way to a loss of lung function.  The results presented do 
suggest that as the number of bacterial species increases within an assemblage the more 
complementary the microcosm mixes become.  This could suggest that increasing 
species richness increases the complementarity within the assemblage, allowing the 
community of bacteria to use more recalcitrant and other nutrients more efficiently or 
remove more inhibitive waste products (Elias & Banin, 2012).  A balance of these 
activities could enable stable communities to persistence in the CF airway potentially 
causing a transformation where more nutrients become available, due to damage, 
thereby allowing a single species to start to dominate.  This could be a mechanism by 
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which to arrive at the conditions reported by Goddard et al. (2012) and Rudkjøbing et 
al. (2012). 
Potentially, bacterial species at different stages in this process could behave 
differently in BEF experiments.  For example, had the bacterial species studied here not 
had a period of adaptation e.g. were isolated from neonatal or paediatric CF respiratory 
samples, the interactions between them, therefore their effect on system function, could 
be different from those presented.  Alternatively, the P. aeruginosa isolates could begin 
to behave as distinct species if they were cultivated from depauperate, end-stage 
samples.  Both of these queries would form interesting further studies and depending on 
the results from these this may have the potential to identify a “shift” in the behaviour 
of the species related to disease progression. 
7.7 Viscosity alters ecological behaviour 
The results in Chapter 4 clearly demonstrated that, regardless of the nutrient 
source, the effect of increasing environmental viscosity is to increase respiration.  This 
was discussed as the result of increased interactions as bacterial cells were “coerced” 
into close physical proximity and thus interactions.  As a large number of species enter 
the airways, there will be a selection pressure, at a local level, that may favour 
assemblages of species that are able over a short period of time to synergistically 
interact (Harrison, 2007).  This coercion is a phenomenon that Kuemmerli et al. (2009) 
measured experimentally, with P. aeruginosa isolates and siderophore production, and 
Xavier (2011) has reviewed.  This increase in interactions within a constrained space 
can also be detected in nutritionally limited environments by an increase in the 
significance of the interaction variables.  These results are those presented in Chapter 6, 
where synergistic interactions increase with richness on single carbon sources.   
Compared to healthy individuals and paediatric CF patients, the mucus in adult CF 
airways displays raised viscosity (Baconnais et al., 1999; Bals et al., 1999), broad 
nutrient content (Palmer et al. 2007) and high bacterial diversity (Sibley et al., 2009). 
The data in this study suggest that species in this environment can be highly 
synergistically active.   
Current treatments that aim to rehydrate, and therefore soften, the mucus (e.g. 
osmotic agents; Minasian et al., 2009) may have effects on the bacterial assemblages 
that have not yet been fully realised.  One recent study that has investigated the effect of 
an inhaled osmotic agent, mannitol, and the corresponding sputum microbiology was 
published by Aitken et al. (2012).  This study reported that the diversity of bacterial 
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species was similar in both the treated and untreated groups, but the forced expired 
volume in one second, a standard measure of lung function, in those inhaling mannitol 
was significantly increased.  This softening of the mucus could disrupt some of the 
interactions present between the bacterial species present.  For example, any direct 
interaction that may have been occurring due to the constrained position of the cells 
could potentially be reduced as the environment would no longer be “fixing” the 
bacteria in place.  The implications of the mucus softening treatments on the ecology 
within the bacterial assemblages are unknown, but the effect of the treatment was 
positive for the patients (Minasian et al., 2009; Aitken et al., 2012). 
Interactions within the CF airways may take many forms.  An example of 
interactions present in the CF airway has been shown between Stenotrophomonas 
maltophilia and P. aeruginosa in the form of diffusible signalling factors (Ryan et al., 
2008).  If the environment becomes such that the rate of diffusion reduces (i.e. 
thickening) then advantageous interactions will be more likely to be present between 
bacteria in defined localities.  This has begun to be investigated in CF by Rudkjøbing et 
al. (2012) using in situ hybridisation.  It would be a useful avenue of future study to 
investigate how the interactions altered during the process of rehydration, as this could 
directly inform the management of CF respiratory health.  Results from this and 
Kuemmerli et al. (2009), suggest that this process could disrupt assemblages of bacteria 
by changing the spatial environment and the types of interactions possible. This may 
therefore give another reason for the upturn in patient well-being alone or in 
combination with antibiotic therapy. 
An interesting area of future research therefore, could be to concentrate on the 
biochemical mechanisms, by way of “–omics” approaches, that underpin these broad 
processes.  This may allow more precise identification of the synergies between the 
species (Frossard et al., 2012).   
7.8 The importance of Stenotrophomonas maltophilia to respiration  
Previous studies have presented data that proposed S. maltophilia should be 
considered a major driver in CF related airway infections, particularly in those patients 
presenting with more severe disease symptoms (Goss et al., 2004; Rudkjøbing et al., 
2012).  This thesis reports evidence that S. maltophilia may be highly influential in 
increasing the activity of the community however, it has been suggested that the 
presence of S. maltophilia does not directly correlate to a worsening of the disease 
(Goss et al., 2004).   
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At this time, the evidence that S. maltophilia is highly influential is best arrived at 
through direct manipulation of the bacterial species.  To evaluate how this result could 
be important to CF patients, two scenarios can be postulated.  First, an increase in 
respiration is detrimental to the host.  In this scenario, S. maltophilia has been shown to 
be an “aggressor” species in the community and potentially a target for antibiotic 
therapy for eradication prior to the destabilisation of the community.  Conversely, the 
second scenario is that an increase in respiration is in fact beneficial to the host, e.g. 
increase synergies between the bacteria equate to a more stable community and 
therefore stable lung function.  Here, antibiotic therapy targeting this species may be 
less desirable.  
7.9 Bacteria cooperate in mixed culture 
A recent study by Foster and Bell (2012) investigated the cooperation between 
species in pair-wise comparisons.  Their findings were that two species bacterial 
assemblages were less productive than the sum of their monocultures.  The results 
presented in Chapter 6, indicate that less productive two species assemblages do occur 
but there is a much greater proportion (~60%) of more positively productive 
assemblages.  Chapter 6 goes on to show that at higher species richness levels the 
number of less productive assemblages decreases until none are found.  
The findings demonstrated that multi-species groups were typically more 
productive than less diverse assemblages.  A similar observation has been made by 
many studies investigating the ecological (Naeem et al., 1994; Bell et al., 2005) and the 
clinical effects (Harrison, 2007; Elias & Banin, 2012) of increased bacterial 
biodiversity.  There are however reports that indicate that higher bacterial diversity 
produces more antagonistic interactions (Jiang et al., 2008; Becker et al., 2012) or that, 
in a clinical setting, a single bacterial species is capable of dominating an entire 
ecosystem (Goddard et al., 2012).   
7.10 Presence of sub-populations in P. aeruginosa ecotypes 
The methods applied in this thesis did not explicitly test the precise mechanisms 
that drove the BEF relationships.  Evidence has been presented however, that show an 
increase in synergistic interactions in assemblages of higher species complexity.  These 
results raise the question as to how a species, in particular P. aeruginosa, is able to 
dominate crises in the CF lung.  The species coefficients, in Chapter 5, show that there 
was generally a divide between those P. aeruginosa ecotypes that positively affected the 
172 
 
respiration of the assemblages when grown in Tryptone Water and those in DHB.  This 
suggests the presence of sub-populations within the P. aeruginosa species.  Although 
there are potentially sub-populations of P. aeruginosa ecotypes, data in this thesis have 
shown that there are unlikely to be any interaction events between them.  With this lack 
of complementarity, the P. aeruginosa assemblages cannot be more productive than a 
mixed species assemblage with high diversity and therefore should not be able to out-
compete the mixed species. 
Results similar to this have been previously reported when discussing the 
presence of diversity within species. Moore et al. (1998) and Jaspers & Overmann 
(2004) postulated that within species variation is important for the survival of the 
species in challenging habitats.  The increase in survival is potentially due to niche 
differentiation allowing a single species to increase its functionality to closer to that of a 
mixed species assemblage (Moore et al., 1998; Jaspers & Overmann, 2004).   
7.11 Founder effects are significant in the majority of experiments.  
Thus far, the discussion has been concerned with the differences between the 
assemblages consisting of mixed species and those of P. aeruginosa ecotypes.  One 
similarity however that was present throughout the experiments analysed was the 
significance of the founder effects. These effects were tested using the adapted GLM in 
order to account for these effects and therefore “normalise” the data.  This prevented the 
loss of significance between the replicates, or the biological terms be more significant 
than they actually were.  This “alternative” approach could have fundamental 
implications in these results.  Therefore further discussion and testing is needed to 
establish whether these founder effects are inherent to ecological experiments.  How 
these effects change the biology of the bacterial species present in these experiments is 





This thesis describes and reports three studies in which the ecological mechanisms 
of bacterial diversity affecting total respiration were investigated.  The studies combined 
to produce a central hypothesis testing result.  That is, generally, the assemblage of 
bacteria was able to respire more when a greater number of species are present.   
The experiments reported in this thesis show that experimental micro-ecology 
can elucidate ecological processes that may occur between the bacteria present in 
polymicrobial infections.  The next step in this field of research is to begin to create 
more complex in vitro, or potentially in vivo, models to assess which biodiversity 
effects are conserved and continue the cross-over between empirical research and 
medicine.   
 
Conclusions that can be drawn from this thesis are as follows: 
• Mixed species assemblages had a general trend to increase respiration with species 
number but this trend was not observed in assemblages of P. aeruginosa ecotypes 
alone.  
• With respect to BEF experimentation, subpopulations were observed in 
assemblages of P. aeruginosa ecotypes alone. 
• Species composition was the term which contributed the most to the fit of the 
model in every experiment. 
• These bacteria worked more synergistically in high diversity communities. 
• A limitation in nutrient source resulted in an increase in interactions. 
• Founder effects were responsible for significant variation within the data and 
therefore should be taken into account before assessing biological variables. 
• The methods used throughout this thesis allowed relevant and robust conclusions 
to be made and were therefore shown to be fit for purpose. 
The direct significance of these findings to CF airway infections is as yet unclear, 























1 2 3 
2 1,2 1,5 1,8 
2 3,8 2,4 2,11 
2 4,5 3,10 3,9 
2 6,12 6,12 4,10 
2 7,11 7,8 5,6 
2 9,10 9,11 7,12 
3 1,4,8 1,10,12 1,4,11 
3 2,10,11 2,7,9 2,7,12 
3 3,9,12 3,5,11 3,8,9 
3 5,6,7 4,6,8 5,6,10 
4 1,6,8,11 1,5,7,11 1,3,5,11 
4 2,4,9,10 2,6,9,10 2,8,9,10 
4 3,5,7,12 3,4,8,12 4,6,7,12 
6 1,2,5,6,10,12 1,2,3,4,10,12 1,3,5,6,8,9 
6 3,4,7,8,9,11 5,6,7,8,9,11 2,4,8,10,11,12 
 
Table A1: The species present in each microcosm mix in all three Partitions used.  
The combinations of species at species richness levels 2, 3, 4 and 6 used in each of the 




  Mixed Constrained 
Species SC F p SC F p 
(1) Pseudomonas 
aeruginosa 
-0.29 4.74 0.034 -0.16 1.37 0.247 
(2) Stenotrophomonas 
maltophilia 
0.57 30.5 <0.001 0.94 60.02 <0.001 
 (3) Burkholderia 
cepacia 
-0.27 6.9 0.011 -0.52 19.85 <0.001 
(4) Achromobacter 
xylosoxidans 
-0.05 0.37 0.544 -0.23 4.4 0.041 
(5) Acinetobacter 
baumannii 
-0.15 2.3 0.135 -0.46 13.75 <0.001 
(6) Serratia 
marcescens 
-0.4 5.51 0.023 -0.57 8.82 0.004 
(7) Enterococcus 
faecium 
-0.17 1.66 0.203 -0.1 0.74 0.393 
(8) Staphylococcus 
haemolyticus 
-0.27 4.22 0.045 -0.51 8.54 0.005 
(9) Staphylococcus 
aureus 
-0.27 4.28 0.043 -0.44 7.2 0.01 
(10) Streptococcus 
mitis 
-0.28 2.94 0.092 -0.45 5.2 0.026 
(11) Streptococcus 
pneumoniae 
-0.21 1.73 0.194 -0.24 1.64 0.205 
(12) Streptococcus 
sanguinis 
0.04 0.13 0.719 -0.23 1.95 0.168 
 
Table A2: The linear model coefficients and associated ANOVA result for each 
individual species in the experiment at both Tryptone Water environments.  The 
species coefficients (SC) are given for each of the species (species number, 1 – 12) in 
Tryptone Water.  The ANOVA results (F-test and p-value) are also presented. 
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  Mixed Constrained 
Species SC F p SC F p 
(1) Pseudomonas 
aeruginosa 
0.0002 0.47 0.497 -0.020 4.69 0.035 
(2) Stenotrophomonas 
maltophilia 
0.0012 25.16 <0.001 0.156 60.52 <0.001 
 (3) Burkholderia  
cepacia 
-0.0003 1.49 0.228 -0.087 9.88 0.003 
(4) Achromobacter 
xylosoxidans 
-0.0003 1.48 0.229 -0.047 5.53 0.022 
(5) Acinetobacter 
baumannii 
-0.0003 0.93 0.339 -0.092 9.55 0.003 
(6) Serratia  
marcescens 
-0.0005 1.74 0.192 -0.07 10.79 0.002 
(7) Enterococcus 
 faecium 
-0.0005 1.55 0.218 0.074 8.4 0.005 
(8) Staphylococcus 
haemolyticus 
-0.0005 0.63 0.432 -0.058 3.45 0.068 
(9) Staphylococcus 
 aureus 
-0.0009 1.23 0.273 -0.091 4.81 0.033 
(10) Streptococcus 
 mitis 
0.0006 0.33 0.57 0.059 12.39 0.001 
(11) Streptococcus 
pneumoniae 
0.0007 0.72 0.398 -0.02 0.00 0.999 
(12) Streptococcus 
sanguinis 
-0.0005 0.30 0.585 -0.103 7.59 0.008 
 
Table A3: Coefficients and ANOVA for each individual species grown on the DHB 
media. The species coefficients (SC) are given for each of the species (species number, 




  Tryptone Water DHB 
 Isolate EC F p EC F p 
dwrPa3 -0.032 4.33 0.042 0.015 2.69 0.107 
dwrPa4 -0.022 0.01 0.922 0.017 0.10 0.754 
dwrPa2 0.012 4.11 0.048 0.010 0.05 0.825 
dwrPa5 -0.011 0.14 0.709 0.015 0.12 0.729 
dwrPa6 -0.002 0.05 0.823 0.020 2.74 0.103 
dwrPa7 -0.008 0.10 0.748 0.001 2.52 0.118 
dwrPa8 -0.008 0.07 0.788 -0.001 2.32 0.133 
dwrPa9 0.000 0.10 0.759 -0.020 4.65 0.036 
dwr1 0.008 2.09 0.154 -0.010 1.49 0.227 
dwrPa10 0.036 9.02 0.004 -0.015 3.81 0.056 
dwrPa11 0.034 9.66 0.003 -0.013 1.47 0.231 
dwrPa12 -0.006 0.22 0.641 -0.021 5.15 0.027 
 
Table A4: Individual ecotype coefficients and the corresponding ANOVA results 
The ecotype coefficients (EC) are given for each of the isolates in both Tryptone Water 
and DHB.  The ANOVA results (F-test and p-value) are also presented. 
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Type of carbon source Carbon source 
Number of monocultures 
able to utilise substrate 
Negative Negative 0 
Ester Pyruvic acid methyl ester 4 
Phosphorylates Glucose-1-phosphate 0 
D,L-α-glycerol phosphate 0 
Polymer Tween 40 4 
Tween 80 4 
α-cyclodextrin 0 
Glycogen 0 







Carboxylic acid D-glucosaminic acid 0 
D-galactonic acid γ-lactone 0 
D-galacturonic acid 0 
2-hydroxy benzoic acid 3 
4-hydroxy benzoic acid 3 
γ-hydroxybutyric acid 1 
Itaconic acid 1 
α-ketobutyric acid 2 
D-malic acid 0 





Glycyl-L-glutamic acid 1 
Amine Phenlethylamine 1 
Putrescine 3 
 
Table A5: Single carbon sources present in the EcoPlate™.  A list of the single 
carbon sources present in the EcoPlate™ and the number of monocultures that were 







































































































S. maltophilia 0.30                     
B. cepacia 0.30 0.00                   
A. xylosoxidans 0.56 0.63 0.63                 
A. baumannii 0.50 0.47 0.47 0.19               
S. marcescens 0.56 0.53 0.53 0.25 0.07             
E. faecium 0.22 0.13 0.13 0.60 0.53 0.60           
S. haemolyticus 0.30 0.00 0.00 0.63 0.47 0.53 0.13         
S. aureus 0.40 0.13 0.13 0.69 0.53 0.50 0.25 0.13       
S. mitis 0.50 0.46 0.46 0.27 0.20 0.27 0.42 0.46 0.54     
S. pneumoniae 0.91 0.78 0.78 0.87 0.80 0.79 0.89 0.78 0.75 0.85   
S. sanguinis 0.50 0.47 0.47 0.19 0.00 0.07 0.53 0.47 0.53 0.20 0.80 
 
Table A6: Distance matrix based on utilisation of each of the species in 
monoculture.  A distance matrix calculated using Jaccard’s distance coefficients based 
on the binary utilisation profiles of the 12 species in monoculture on the 31 singles 




Figure A7:  The mean respiration of the different richness levels at 24 and 48 
hours post inoculation.  The mean respiration (OD590) measured at 24 and 48 hours 





Figure A8: The respiration of all the microcosms at each richness level and single 
carbon source.  The respiration (OD590; y-axis) for each microcosm at all four richness 
levels (x-axis).  Each plot represents a different single carbon source.  The black dots 
represent the individual microcosm; the coloured dots represent the mean respiration at 
that richness level.  The linear regression line (solid black line) is shown for each single 
carbon source: a = 4-hydroxy benzoic acid, b = α-ketobutyric acid, c = arginine, d = 
asparagine, e = D-cellobiose, f = D-malic acid, g = γ-hydroxy butyric acid, h = itatonic 
acid, I = N-aceyl-D-glucosamine, j = pyruvic acid methyl ester, k = phenylalanine, l = 
















Aaron, S.D., Ramotar, K., Ferris, W., Vandemheen, K., Saginur, R., Tullis, E., Haase, 
D., Kottachchi, D., St. Denis, M. & Chan, F. 2004, "Adult Cystic Fibrosis 
Exacerbations and New Strains of Pseudomonas aeruginosa", Am. J. Respir. Crit. Care 
Med., vol. 169, no. 7, pp. 811-815.  
Acinas, S.G., Marcelino, L.A., Klepac-Ceraj, V. & Polz, M.F. 2004, "Divergence and 
Redundancy of 16S rRNA Sequences in Genomes with Multiple rrn Operons", J. 
Bacteriol., vol. 186, no. 9, pp. 2629-2635.  
Aitken, M.L., Bellon, G., De Boeck, K., Flume, P.A., Fox, H.G., Geller, D.E., Haarman, 
E.G., Hebestreit, H.U., Lapey, A., Schou, I.M., Zuckerman, J.B., Charlton, B. & CF302 
Investigators 2012, "Long-Term Inhaled Dry Powder Mannitol in Cystic Fibrosis An 
International Randomized Study", Am. J. Respir. Crit. Care Med., vol. 185, no. 6, pp. 
645-652.  
Altas, R.M. & Bartha, R. 1998, Microbial Ecology, 4th edn, Benjamin/Cummings.  
Altschul, S., Gish, W., Miller, W., Myers, E. & Lipman, D. 1990, "Basic Local 
Alignment Search Tool", J. Mol. Biol., vol. 215, no. 3, pp. 403-410.  
Andrews, J.M. 2008, "BSAC Standardized Disc Susceptibility Testing Method (version 
7)", J. Antimicrob. Chemoth., vol. 62, no. 2, pp. 256-278.  
Baconnais, S., Tirouvanziam, R., Zahm, J., de Bentzmann, S., Peault, B., Balossier, G. 
& Puchelle, E. 1999, " Ion Composition And Rheology Of Airway Liquid From Cystic 
Fibrosis Fetal Tracheal Xenografts", Am. J. Respir. Cell Mol. Biol., vol. 20, no. 4, pp. 
605-611.  
Bals, R., Weiner, D. & Wilson, J. 1999, " The Innate Immune System In Cystic Fibrosis 
Lung Disease", J. Clin. Invest., vol. 103, no. 3, pp. 303-307.  
Bauer, A., Kirby, W., Sherris, J. & Turck, M. 1966, "Antibiotic Susceptibility Testing 
by a Standardized Single Disk Method", Am. J. Clin. Pathol., vol. 45, no. 4, pp. 493-&.  
Becker, J., Eisenhauer, N., Scheu, S. & Jousset, A. 2012, " Increasing Antagonistic 
Interactions Cause Bacterial Communities to Collapse At High Diversity", Ecol. Lett., 
vol. 15, no. 5, pp. 468-474.  
Behrends, V., Ryall, B., Zlosnik, J.E.A., Speert, D.P., Bundy, J.P. & Williams, H.D. 
2013, “Metabolic Adaptations of Pseudomonas aeruginosa During Cystic Fibrosis 
Chronic Lung Infections”, Environ. Microbiol. Vol. 15, no. 2, pp.398-408 
Bell, T., Gessner, M.O., Griffiths, R.I., McLaren, J., Morin, P.J., van der Heijden, M. & 
van der Putten, W. 2009a, " Microbial Biodiversity And Ecosystem Functioning Under 
Controlled Conditions And In The Wild " in Biodiversity, Ecosystem Functioning & 
Human Wellbeing: an Ecological and Economic Perspective, eds. S. Naeem, D.E. 




Bell, T., Lilley, A.K., Hector, A., Schmid, B., King, L. & Newman, J.A. 2009b, "A 
Linear Model Method for Biodiversity-Ecosystem Functioning Experiments", Am. Nat., 
vol. 174, no. 6, pp. 836-849.  
Bell, T., Newman, J.A., Silverman, B.W., Turner, S.L. & Lilley, A.K. 2005, " The 
Contribution of Species Richness and Composition to Bacterial Services ", Nature, vol. 
436, no. 7054, pp. 1157-1160.  
Bi, J., Zhang, N., Liang, Y., Yang, H. & Ma, K. 2012, "Interactive Effects of Water and 
Nitrogen Addition on Soil Microbial Communities on a Semiarid Steppe", J. Plant 
Ecol.-UK, vol. 5, no. 3, pp. 320-329.  
Bilton, D. 2008, "Update on non-cystic fibrosis bronchiectasis", Curr. Opin. Pulm. 
Med., vol. 14, no. 6, pp. 595-599.  
Boucher, R.C. 2004, "New Concepts of the Pathogenesis of Cystic Fibrosis Lung 
Disease", Eur. Respir. J., vol. 23, no. 1, pp. 146-158.  
Bruce, K.D., Hiorns, W.D., Hobman, J.L., Osborn, A.M., Strike, P. & Ritchie, D.A. 
1992, "Amplification of DNA from Native Populations of Soil Bacteria by Using the 
Polymerase Chain Reaction", Appl. Environ. Microbiol., vol. 58, no. 10, pp. 3413-3416.  
Bruce, K. & Hughes, M. 2000, " Terminal Restriction Fragment Length Polymorphism 
Monitoring of Genes Amplified Directly From Bacterial Communities in Soils And 
Sediments", Mol. Biotech., vol. 16, no. 3, pp. 261-269.  
Burns, J.L., Emerson, J., Stapp, J.R., Yim, D.L., Krzewinski, J., Louden, L., Ramsey, 
B.W. & Clausen, C.R. 1998, "Microbiology of Sputum from Patients at Cystic Fibrosis 
Centers in the United States", Clin. Infect. Dis., vol. 27, no. 1, pp. 158-163.  
Burns, J.L., Gibson, R.L., McNamara, S., Yim, D., Emerson, J., Rosenfeld, M., Hiatt, 
P., McCoy, K., Castile, R., Smith, A.L. & Ramsey, B.W. 2001, "Longitudinal 
Assessment of Pseudomonas aeruginosa in Young Children with Cystic Fibrosis",  J. 
Infect. Dis., vol. 183, no. 3, pp. 444-452.  
Callaghan, M. & McClean, S. 2012, " Bacterial Host Interactions in Cystic Fibrosis", 
Curr. Opin. Microbiol., vol. 15, no. 1, pp. 71-77.  
Campbell, C.D., Chapman, S.J., Cameron, C.M., Davidson, M.S. & Potts, J.M. 2003, 
"A Rapid Microtiter Plate Method To Measure Carbon Dioxide Evolved from Carbon 
Substrate Amendments so as To Determine the Physiological Profiles of Soil Microbial 
Communities by Using Whole Soil", Appl. Environ. Microbiol., vol. 69, no. 6, pp. 
3593-3599.  
Chesson, P. 2000, "Mechanisms of Maintenance of Species Diversity",  Annu. Rev. 
Ecol. Syst., vol. 31, pp. 343-366.  
Christen, J.M., Campbell, J.F., Zurek, L., Shapiro-Ilan, D.I., Lewis, E.E. & 
Ramaswamy, S.B. 2008, " Role of Symbiotic and Non-Symbiotic Bacteria in Carbon 
Dioxide Production From Hosts Infected With Steinernema riobrave", J. Invertebr. 
Pathol.,  vol. 99, no. 1, pp. 35-42.  
186 
 
Clarridge, J.E. 2004, "Impact of 16S rRNA Gene Sequence Analysis for Identification 
of Bacteria on Clinical Microbiology and Infectious Diseases", Clin. Microbiol. Rev., 
vol. 17, no. 4, pp. 840-862.  
Coenye, T., Goris, J., Spilker, T., Vandamme, P. & LiPuma, J.J. 2002, "Characterization 
of Unusual Bacteria Isolated from Respiratory Secretions of Cystic Fibrosis Patients and 
Description of Inquilinus limosus gen. nov., sp. nov", Clin. Microbiol. Rev., vol. 40, no. 
6, pp. 2062-2069.  
Cohan, F. 2002, "What are Bacterial Species?", Annu. Rev. Microbiol., vol. 56, pp. 457-
487.  
Cohen, M. 1999, " Commentary on the Organization Science Special Issue on 
Complexity", Organ. Sci., vol. 10, no. 3, pp. 373-376.  
Cox, M.J., Allgaier, M., Taylor, B., Baek, M.S., Huang, Y.J., Daly, R.A., Karaoz, U., 
Andersen, G.L., Brown, R., Fujimura, K.E., Wu, B., Tran, D., Koff, J., Kleinhenz, M.E., 
Nielson, D., Brodie, E.L. & Lynch, S.V. "Airway Microbiota and Pathogen Abundance 
in Age-Stratified Cystic Fibrosis Patients", PLoS ONE, vol. 5, no. 6, pp. e11044.  
Crawley, M.J. 2007, The R Book, Wiley Publishing.  
Das, K., Tiwari, R.K.S. & Shrivastava, D.K. 2010, " Techniques for Evaluation of 
Medicinal Plant Products as Antimicrobial Agent: Current Methods and Future Trends", 
J. Med. Plants Res., vol. 4, no. 2, pp. 104-111.  
Davies, J.C., Alton, E.W.F.W. & Bush, A. 2007, "Cystic Fibrosis", Brit. Med. J., vol. 
335, no. 7632, pp. 1255-1259.  
Delhaes, L., Monchy, S., Frealle, E., Hubans, C., Salleron, J., Leroy, S., Prevotat, A., 
Wallet, F., Wallaert, B., Dei-Cas, E., Sime-Ngando, T., Chabe, M. & Viscogliosi, E. 
2012, "The Airway Microbiota in Cystic Fibrosis: A Complex Fungal and Bacterial 
Community-Implications for Therapeutic Management", PLoS ONE, vol. 7, no. 4, pp. 
e36313.  
Dickie, I.A. & FitzJohn, R.G. 2007, "Using Terminal Restriction Fragment Length 
Polymorphism (T-RFLP) to Identify Mycorrhizal Fungi: a Methods Review", 
Mycorrhiza, vol. 17, no. 4, pp. 259-270.  
Drenkard, E. & Ausubel, F. 2002, "Pseudomonas Biofilm Formation and Antibiotic 
Resistance are Linked to Phenotypic Variation", Nature, vol. 416, no. 6882, pp. 740-
743.  
Duffy, J.E. 2002, "Biodiversity and Ecosystem Function: the Consumer Connection", 
Oikos, vol. 99, no. 2, pp. 201-219.  
Elias, S. & Banin, E. 2012, "Multi-Species Biofilms: Living with Friendly Neighbors", 
FEMS Microbiol. Rev., vol. 36, no. 5, pp. 990-1004.  
Emerson, J., Rosenfeld, M., McNamara, S., Ramsey, B. & Gibson, R.L. 2002, 
"Pseudomonas aeruginosa and Other Predictors of Mortality and Morbidity in Young 
Children with Cystic Fibrosis", Pediatr. Pulmonol., vol. 34, no. 2, pp. 91-100.  
187 
 
Filkins, L.M., Hampton, T., Gifford, A.H., Gross, M., Hogan, D., Sogin, M., Morrison, 
H., Paster, B. & O'Toole, G. 2012, "Polymicrobial Diversity in Cystic Fibrosis Patient 
Sputum Samples", Pediatr. Pulmonol., vol. 47, pp. 326-326.  
FitzSimmons, S. 1993, "The Changing Epidemiology of Cystic-Fibrosis", J. Pediatr., 
vol. 122, no. 1, pp. 1-9.  
Flayhart, D., Lema, C., Borek, A. & Carroll, K. 2004, "Comparison of the BBL 
CHROMagar Staphylococcus aureus Agar Medium to Conventional Media for 
Detection of Staphylococcus aureus in Respiratory Samples", J. Clin. Microbiol., vol. 
42, no. 8, pp. 3566-3569.  
Flume, P.A., O'Sullivan, B.P., Robinson, K.A., Goss, C.H., Mogayzel, P.J., Jr., Willey-
Courand, D.B., Bujan, J., Finder, J., Lesters, M., Quittell, L., Rosenblatt, R., Vender, 
R.L., Hlazle, L., Sabadosa, K. & Marshall, B. 2007, "Cystic Fibrosis Pulmonary 
Guidelines - Chronic Medications for Maintenance of Lung Health", Am. J. Respir. Crit. 
Care Med., vol. 176, no. 10, pp. 957-969.  
Flynn, D.F.B., Mirotchnick, N., Jain, M., Palmer, M.I. & Naeem, S. 2011, "Functional 
and Phylogenetic Diversity as Predictors of Biodiversity-Ecosystem-Function 
Relationships", Ecology, vol. 92, no. 8, pp. 1573-1581.  
Foster, K. & Bell, T. 2012, "Competition, Not Cooperation, Dominates Interactions 
among Culturable Microbial Species", Curr. Biol., vol. 22, no. 19, pp. 1845-1850.  
Foweraker, J.E., Laughton, C.R., Brown, D.F.J. & Bilton, D. June 2005, " Phenotypic 
Variability of Pseudomonas aeruginosa in Sputa from Patients with Acute Infective 
Exacerbation of Cystic Fibrosis and its Impact on the Validity of Antimicrobial 
Susceptibility Testing", J. Antimicrob. Chemoth., vol. 55, no. 6, pp. 921-927.  
Fox, J.W. 2005, "Interpreting the `Selection Effect' of Biodiversity on Ecosystem 
Function", Ecol. Lett., vol. 8, pp. 846-856.  
Frossard, A., Gerull, L., Mutz, M. & Gessner, M.O. 2012, " Disconnect of Microbial 
Structure and Function: Enzyme Activities and Bacterial Communities in Nascent 
Stream Corridors", ISME J., vol. 6, no. 3, pp. 680-691.  
Garland, J.L. 1997, " Analysis and Interpretation of Community-Level Physiological 
Profiles in Microbial Ecology", FEMS Microbiol. Ecol., vol. 24, no. 4, pp. 289-300.  
Garland, J. 1996, " Analytical Approaches to the Characterization of Samples of 
Microbial Communities Using Patterns of Potential C Source Utilization", Soil Biol. 
Biochem., vol. 28, no. 2, pp. 213-221.  
Garland, J. & Mills, A. 1991, "Classification and Characterization of Heterotrophic 
Microbial Communities on the Basis of Patterns of Community-Level Sole-Carbon-
Source Utilization", Appl. Environ. Microbiol., vol. 57, no. 8, pp. 2351-2359.  
Goddard, A.F., Staudinger, B.J., Dowd, S.E., Joshi-Datar, A., Wolcott, R.D., Aitken, 
M.L., Fligner, C.L. & Singh, P.K. 2012, " Direct Sampling of Cystic Fibrosis Lungs 
Indicates that DNA-based Analyses of Upper-Airway Specimens Can Misrepresent 
Lung Microbiota", Proc. Natl. Acad. Sci. USA, vol. 109, no. 34, pp. 13769-13774.  
188 
 
Goss, C.H., Mayer-Hamblett, N., Aitken, M.L., Rubenfeld, G.D. & Ramsey, B.W. 
2004, "Association Between Stenotrophomonas maltophilia and Lung Function in 
Cystic Fibrosis", Thorax, vol. 59, no. 11, pp. 955-959.  
Goss, C.H. & Burns, J.L. 2007, "Exacerbations in Cystic Fibrosis 1: Epidemiology and 
Pathogenesis", Thorax, vol. 62, no. 4, pp. 360-367.  
Grafen, A. & Hails, R. 2002, Modern Statistics for the Life Sciences, 6th edn, Oxford 
University Press.  
Greally, P., Whitaker, P. & Peckham, D. 2012, "Challenges with Current Inhaled 
Treatments for Chronic Pseudomonas aeruginosa Infection in Patients with Cystic 
Fibrosis", Curr. Med. Res. Opin., vol. 28, no. 6, pp. 1059-1067.  
Griffiths, B., Ritz, K., Bardgett, R., Cook, R., Christensen, S., Ekelund, F., Sorensen, S., 
Baath, E., Bloem, J., de Ruiter, P., Dolfing, J. & Nicolardot, B. 2000, "Ecosystem 
Response of Pasture Soil Communities to Fumigation-Induced Microbial Diversity 
Reductions: an Examination of the Biodiversity-Ecosystem Function Relationship", 
Oikos, vol. 90, no. 2, pp. 279-294.  
Guss, A.M., Roeselers, G., Newton, I.L.G., Young, C.R., Klepac-Ceraj, V., Lory, S. & 
Cavanaugh, C.M. 2011, " Phylogenetic and Metabolic Diversity of Bacteria Associated 
with Cystic Fibrosis", ISME J., vol. 5, no. 1, pp. 20-29.  
Hanski, I., von Hertzen, L., Fyhrquist, N., Koskinen, K., Torppa, K., Laatikainen, T., 
Karisola, P., Auvinen, P., Paulin, L., Makela, M.J., Vartiainen, E., Kosunen, T.U., 
Alenius, H. & Haahtela, T. 2012, " Environmental Biodiversity, Human Microbiota, and 
Allergy are Interrelated", Proc. Natl. Acad. Sci. USA, vol. 109, no. 21, pp. 8334-8339.  
Harrison, F. 2007, "Microbial Ecology of the Cystic Fibrosis Lung", Microbiol-SGM., 
vol. 153, pp. 917-923.  
Harrison, F., Paul, J., Massey, R.C. & Buckling, A. 2007, "Interspecific Competition 
and Siderophore-Mediated Cooperation in Pseudomonas aeruginosa", ISME J, vol. 2, 
no. 1, pp. 49-55.  
Hauser, A.R., Jain, M., Bar-Meir, M. & McColley, S.A. January 2011, "Clinical 
Significance of Microbial Infection and Adaptation in Cystic Fibrosis", Clin. Microbiol. 
Rev., vol. 24, no. 1, pp. 29-70.  
Häußler, S., Tümmler, B., Weißbrodt, H., Rohde, M. & Steinmetz, I. 1999, "Small-
Colony Variants of Pseudomonas aeruginosa in Cystic Fibrosis", Clin. Infect. Dis., vol. 
29, no. 3, pp. 621-625.  
Hector, A., Schmid, B., Beierkuhnlein, C., Caldeira, M.C., Diemer, M., 
Dimitrakopoulos, P.G., Finn, J.A., Freitas, H., Giller, P.S., Good, J., Harris, R., 
Hogberg, P., Huss-Danell, K., Joshi, J., Jumpponen, A., Korner, C., Leadley, P.W., 
Loreau, M., Minns, A., Mulder, C.P., O'Donovan, G., Otway, S.J., Pereira, J.S., Prinz, 
A., Read, D.J. & et, a. 1999, "Plant Diversity and Productivity Experiments in European 
Grasslands", Science, vol. 286, no. 5442, pp. 1123-1127.  
Hector, A., Bell, T., Connolly, J.F., Fox, J.W., Kirwan, L., Loreau, M., Thomas, M. & 
Emmerson, M. 2009, "The Analysis of Biodiversity Experiments: from Pattern Toward 
Mechanism" in Biodiversity, Ecosystem Functioning & Human Wellbeing: an 
189 
 
Ecological and Economic Perspective, eds. S. Naeem, D.E. Bunker, A. Hector, M. 
Loreau & C. Perrings, 1st edn, Oxford University Press, , pp. 94.  
Hibbing, M.E., Fuqua, C., Parsek, M.R. & Peterson, S.B. 2010, "Bacterial Competition: 
Surviving and Thriving in the Microbial Jungle", Nature Rev. Microbiol., vol. 8, no. 1, 
pp. 15-25.  
Hirata, Y., Sata, M., Makiuchi, Y., Morikane, K., Wada, A., Okabe, N. & Tomoike, H. 
2009, "Comparative Analysis of Micrococcus luteus Isolates from Blood Cultures of 
Patients with Pulmonary Hypertension Receiving Epoprostenol Continuous Infusion", J. 
Infect. Chemother., vol. 15, no. 6, pp. 424-425.  
Hooper, D. & Vitousek, P. 1997, "The Effects of Plant Composition and Diversity on 
Ecosystem Processes", Science, vol. 277, no. 5330, pp. 1302-1305.  
Huang, Y.J., Kim, E., Cox, M.J., Brodie, E.L., Brown, R., Wiener-Kronish, J.P. & 
Lynch, S.V. 2010, "A Persistent and Diverse Airway Microbiota Present During 
Chronic Obstructive Pulmonary Disease Exacerbations", Omics, vol. 14, no. 1, pp. 9-59.  
Huse, H.K., Kwon, T., Zlosnik, J.E.A., Speert, D.P., Marcotte, E.M. & Whiteley, M. 
2010, "Parallel Evolution in Pseudomonas aeruginosa over 39,000 Generations in 
vivo", mBio, vol. 1, no. 4, pp. e199-210  
Huston, M.A. 1997, "Hidden Treatments in Ecological Experiments: Re-Evaluating the 
Ecosystem Function of Biodiversity", Oecologia, vol. 110, no. 4, pp. 449-460.  
Jaspers, E. & Overmann, J. 2004, "Ecological Significance of Microdiversity: Identical 
16S rRNA Gene Sequences Can Be Found in Bacteria with Highly Divergent Genomes 
and Ecophysiologies", Appl. Environ. Microbiol., vol. 70, no. 8, pp. 4831-4839.  
Jiang, L., Pu, Z. & Nemergut, D.R. 2008, "On the Importance of the Negative Selection 
Effect for the Relationship between Biodiversity and Ecosystem Functioning", Oikos, 
vol. 117, no. 4, pp. 488-493.  
Kareiva, P. 1994, "Ecology - Diversity Begets Productivity", Nature, vol. 368, no. 6473, 
pp. 686-687.  
Kirwan, L., Connolly, J., Finn, J.A., Brophy, C., Luscher, A., Nyfeler, D. & Sebastia, 
M.T. 2009, "Diversity-Interaction Modeling: Estimating Contributions of Species 
Identities and Interactions to Ecosystem Function", Ecology, vol. 90, no. 8, pp. 2032-
2038.  
Koeth, L.M., King, A., Knight, H., May, J., Miller, L.A., Phillips, I. & Poupard, J.A. 
2000, "Comparison of Cation-Adjusted Mueller–Hinton Broth with Iso-Sensitest Broth 
for the NCCLS Broth Microdilution Method", J. Antimicrob. Chemother., vol. 46, no. 3, 
pp. 369-376.  
Kuemmerli, R., Griffin, A.S., West, S.A., Buckling, A. & Harrison, F. 2009, "Viscous 
Medium Promotes Cooperation in the Pathogenic Bacterium Pseudomonas aeruginosa", 
Proc. R. Soc. B, vol. 276, no. 1672, pp. 3531-3538.  
Laine, L., Perry, J.D., Lee, J., Oliver, M., James, A.L., De La Foata, C., Halimi, D., 
Orenga, S., Galloway, A. & Gould, F.K. 2009, "A Novel Chromogenic Medium for 
190 
 
Isolation of Pseudomonas aeruginosa from the Sputa of Cystic Fibrosis Patients", J. 
Cyst. Fibros., vol. 8, no. 2, pp. 143-149.  
Langenheder, S., Lindstrom, E. & Tranvik, L. 2005, "Weak coupling Between 
Community Composition and Functioning of Aquatic Bacteria", Limnol. Oceanogr., 
vol. 50, no. 3, pp. 957-967.  
Langenheder, S., Bulling, M.T., Solan, M. & Prosser, J.I. 2010, "Bacterial Biodiversity-
Ecosystem Functioning Relations Are Modified by Environmental Complexity", PLoS 
ONE, vol. 5, no. 5, pp. e10834.  
Latta, L.C., Baker, M., Crowl, T., Parnell, J.J., Weimer, B., DeWald, D.B. & Pfrender, 
M.E. 2011, "Species and Genotype Diversity Drive Community and Ecosystem 
Properties in Experimental Microcosms", Evol. Ecol., vol. 25, no. 5, pp. 1107-1125.  
Lawrence, D., Fiegna, F., Behrends, V., Bundy, J.G., Phillimore, A.B., Bell, T. & 
Barraclough, T.G. 2012, "Species Interactions Alter Evolutionary Responses to a Novel 
Environment", PLoS Biol., vol. 10, no. 5, pp. e1001330.  
Lawton, J. 1996, "Patterns in Ecology", Oikos, vol. 75, no. 2, pp. 145-147.  
LiPuma, J.J. 2010, "The Changing Microbial Epidemiology in Cystic Fibrosis", Clin. 
Microbiol. Rev., vol. 23, no. 2, pp. 299-323.  
Liu, W., Marsh, T., Cheng, H. & Forney, L. 1997, "Characterization of Microbial 
Diversity by Determining Terminal Restriction Fragment Length Polymorphisms of 
Genes Encoding 16S rRNA", Appl. Environ. Microbiol., vol. 63, no. 11, pp. 4516-4522.  
Loreau, M. 1998, "Biodiversity and Ecosystem Functioning: a Mechanistic Model", 
Proc. Nat. Acad. Sci. USA, vol. 95, no. 10, pp. 5632-5636.  
Loreau, M., Downing, A., Emmerson, M., Gonzales, A., Hughes, J., Inchausti, P., Joshi, 
J., Norberg, J. & Sala, O.E. 2002, "A New Look at the Relationship Between Diversity 
and Stability" in Biodiversity and Ecosystem Functioning: Synthesis and Perspectives, 
eds. M. Loreau, S. Naeem & P. Inchausti, 5th edn, Oxford University Press, , pp. 79.  
Loreau, M. & Hector, A. 2001, "Partitioning Selection and Complementarity in 
Biodiversity Experiments", Nature, vol. 412, no. 6842, pp. 72-76.  
Lyczak, J.B., Cannon, C.L. & Pier, G.B. 2002, "Lung Infections Associated with Cystic 
Fibrosis", Clin. Microbiol. Rev., vol. 15, no. 2, pp. 194-222.  
Madan, J.C., Koestler, D.C., Stanton, B.A., Davidson, L., Moulton, L.A., Housman, 
M.L., Moore, J.H., Guill, M.F., Morrison, H.G., Sogin, M.L., Hampton, T.H., Karagas, 
M.R., Palumbo, P.E., Foster, J.A., Hibberd, P.L. & O’Toole, G.A. 2012, "Serial 
Analysis of the Gut and Respiratory Microbiome in Cystic Fibrosis in Infancy: 
Interaction between Intestinal and Respiratory Tracts and Impact of Nutritional 
Exposures", mBio, vol. 3, no. 4, pp. 251-312 
Maeda, Y., Elborn, J.S., Parkins, M.D., Reihill, J., Goldsmith, C.E., Coulter, W.A., 
Mason, C., Millar, B.C., Dooley, J.S.G., Lowery, C.J., Ennis, M., Rendall, J.C. & 
Moore, J.E. 2011, "Population Structure and Characterization of Viridans Group 
Streptococci (VGS) Including Streptococcus pneumoniae Isolated from Adult Patients 
with Cystic Fibrosis (CF)", J. Cyst. Fibros., vol. 10, no. 2, pp. 133-139.  
191 
 
Mahenthiralingam E., Bischof J., Byrne S.K., Radomski C., Davies J.E., Av-Gay Y. & 
Vandamme P. 2000, “DNA-based Diagnostic Approaches for Identification of 
Burkholderia cepacia complex, Burkholderia vietnamiensis, Burkholderia multivorans, 
Burkholderia stabilis, and Burkholderia cepacia genomovars I and III”, J. Clin. 
Microbiol. vol. 38, no. 9, pp. 3165-3173 
Maidak, B.L., Larsen, N., McCaughey, M.J., Overbeek, R., Olsen, G.J., Fogel, K., 
Blandy, J. & Woese, C.R. 1994, "The Ribosomal Database Project", Nucleic. Acids 
Res., vol. 22, no. 17, pp. 3485-3487.  
Mearns, M.B., Hunt, G.H. & Rushworth, R. 1972, "Bacterial Flora of Respiratory Tract 
in Patients with Cystic Fibrosis, 1950-1971", Arch. Dis. Child., vol. 47, no. 256, pp. 
902-907.  
Minasian, C., Wallis, C., Metcalfe, C. & Bush, A. 2010, "Comparison of Inhaled 
Mannitol, Daily rhDNase and a Combination of Both in Children with Cystic Fibrosis: a 
Randomised Trial", Thorax, vol. 65, no. 1, pp. 51-56.  
Moore, L., Rocap, G. & Chisholm, S. 1998, "Physiology and Molecular Phylogeny of 
Coexisting Prochlorococcus Ecotypes", Nature, vol. 393, no. 6684, pp. 464-467.  
Naeem, S., Thompson, L., Lawler, S., Lawton, J. & Woodfin, R. 1994, "Declining 
Biodiversity can Alter the Performance of Ecosystems", Nature, vol. 368, no. 6473, pp. 
734-737.  
Naeem, S., Bunker D. E., Hector, A., Loreau, M. & Perrings Charles 2009, 
"Introduction: the Ecological and Social Implications of Changing Biodiversity. An 
Overview of a Decade of Biodiversity and Ecosystem Functioning Research." in 
Biodiversity, Ecosystem Functioning, & Human Wellbeing: an Ecological and 
Economic Perspective, eds. S. Naeem, Bunker D. E., A. Hector, M. Loreau & Perrings 
Charles, 1st edn, Oxford University Press, Oxford, pp. 1.  
Naeem, S., Loreau, M. & Inchausti, P. 2002, "Biodiversity and Ecosystem Functioning: 
the Emergence of a Synthetic Ecological Framework" in Biodiversity and Ecosystem 
Functioning: Synthesis and Perspectives, eds. M. Loreau, S. Naeem & P. Inchausti, 5th 
edn, Oxford University Press, pp. 3.  
Nichols, D. 2007, "Cultivation Gives Context to the Microbial Ecologist", FEMS 
Microbiol. Ecol., vol. 60, no. 3, pp. 351-357.  
Ostfeld, R.S. & Keesing, F. 2000, "Biodiversity and Disease Risk: the Case of Lyme 
Disease ", Conserv. Biol, vol. 14, no. 3, pp. 722-728.  
Ostfeld R.S. 2009, “Biodiversity Loss and the Rise of Zoonotic Pathogens”, Clin. 
Microbiol. Infect. vol. 15, suppl. 1, pp. 40-43 
Palmer, K.L., Aye, L.M. & Whiteley, M. 2007, "Nutritional Cues Control Pseudomonas 
aeruginosa Multicellular Behavior in Cystic Fibrosis Sputum", J. Bacteriol., vol. 189, 
no. 22, pp. 8079-8087.  
Peter, H., Beier, S., Bertilsson, S., Lindstrom, E.S., Langenheder, S. & Tranvik, L.J. 
2011, "Function-Specific Response to Depletion of Microbial Diversity", ISME J., vol. 
5, no. 2, pp. 351-361.  
192 
 
Pishchany, G. & Skaar, E.P. 2012, "Taste for Blood: Hemoglobin as a Nutrient Source 
for Pathogens", PLoS Pathog., vol. 8, no. 3, pp. e1002535.  
Pye, A., Stockley, R. & Hill, S. 1995, "Simple Method for Quantifying Viable Bacterial 
Numbers in Sputum", J. Clin. Pathol., vol. 48, no. 8, pp. 719-724.  
Quon, B.S. & Goss, C.H. 2011, "A Story of Success: Continuous Quality Improvement 
in Cystic Fibrosis Care in the USA", Thorax, vol. 66, no. 12, pp. 1106-1108.  
Rogers, G.B., Hart, C.A., Mason, J.R., Hughes, M., Walshaw, M.J. & Bruce, K.D. 
2003, " Bacterial Diversity in Cases of Lung Infection in Cystic Fibrosis Patients: 16S 
ribosomal DNA (rDNA) Length Heterogeneity PCR and 16S rDNA Terminal 
Restriction Fragment Length Polymorphism Profiling", J. Clin. Microbiol., vol. 41, no. 
8, pp. 3548-3558.  
Rogers, G.B., Carroll, M.P., Serisier, D.J., Hockey, P.M., Jones, G. & Bruce, K.D. 
2004, " Characterization of Bacterial Community Diversity in Cystic Fibrosis Lung 
Infections by Use of 16S ribosomal DNA Terminal Restriction Fragment Length 
Polymorphism Profiling", J. Clin. Microbiol., vol. 42, no. 11, pp. 5176-5183.  
Rogers, G.B., Carroll, M.P., Serisier, D.J., Hockey, P.M., Jones, G., Kehagia, V., 
Connett, G.J. & Bruce, K.D. July 2006, " Use of 16S rRNA Gene Profiling by Terminal 
Restriction Fragment Length Polymorphism Analysis To Compare Bacterial 
Communities in Sputum and Mouthwash Samples from Patients with Cystic Fibrosis", 
J. Clin. Microbiol.,vol. 44, no. 7, pp. 2601-2604.  
Rogers, G., Daniels, T., Tuck, A., Carroll, M., Connett, G., David, G. & Bruce, K. 2009, 
"Studying Bacteria in Respiratory Specimens by Using Conventional and Molecular 
Microbiological Approaches", BMC Pulm. Med., vol. 9, no. 1, pp. 14.  
Rosenfeld, M., Gibson, R.L., McNamara, S., Emerson, J., Burns, J.L., Castile, R., Hiatt, 
P., McCoy, K., Wilson, C.B., Inglis, A., Smith, A., Martin, T.R. & Ramsey, B.W. 2001, 
"Early Pulmonary Infection, Inflammation, and Clinical Outcomes in Infants with 
Cystic Fibrosis", Pediatr. Pulmonol., vol. 32, no. 5, pp. 356-366.  
Rudkjøbing, V.B., Thomsen, T.R., Alhede, M., Kragh, K.N., Nielsen, P.H., Johansen, 
U.R., Givskov, M., Høiby, N. & Bjarnsholt, T. 2011, "True Microbiota Involved in 
Chronic Lung Infection of Cystic Fibrosis Patients Found by Culturing and 16S rRNA 
Gene Analysis", J. Clin. Microbiol., vol 49, no. 12, pp. 4352-4359 
Rudkjobing, V.B., Thomsen, T.R., Alhede, M., Kragh, K.N., Nielsen, P.H., Johansen, 
U.R., Givskov, M., Hoiby, N. & Bjarnsholt, T. 2012, ", The Microorganisms in 
Chronically Infected End-Stage and Non-End-Stage Cystic Fibrosis Patients", FEMS 
Immunol. Med. Microbiol., vol. 65, no. 2, pp. 236-244.  
Ryan, R.P., Fouhy, Y., Garcia, B.F., Watt, S.A., Niehaus, K., Yang, L., Tolker-Nielsen, 
T. & Dow, J.M. 2008, " Interspecies Signalling Via the Stenotrophomonas maltophilia 
Diffusible Signal Factor Influences Biofilm Formation and Polymyxin Tolerance in 
Pseudomonas aeruginosa", Mol. Microbial., vol. 68, no. 1, pp. 75-86.  
Salles, J.F., Poly, F., Schmid, B. & Le Roux, X. 2009, "Community Niche Predicts the 




San Miguel, C., Dulinski, M. & Tate, R.L. 2007, " Direct Comparison of Individual 
Substrate Utilization From a CLPP Study: A New Analysis for Metabolic Diversity 
Data", Soil Biol. Biochem., vol. 39, no. 8, pp. 1870-1877.  
Schimel, J., Balser, T.C. & Wallenstein, M. 2007, "Microbial Stress-Response 
Physiology and its Implications for Ecosystem Function", Ecology, vol. 88, no. 6, pp. 
1386-1394.  
Schmid, B., Hector, A., Huston, M.A., Inchausti, P., Nijs, I., Leadley, P.W. & Tilman, 
D. 2002, "The Design and Analysis of Biodiversity Experiments" in Biodiversity and 
Ecosystem Functioning: Synthesis and Perspectives, eds. M. Loreau, S. Naeem & P. 
Inchausti, 5th edn, Oxford University Press, , pp. 61.  
Sibley, C.D., Duan, K., Fischer, C., Parkins, M.D., Storey, D.G., Rabin, H.R. & Surette, 
M.G. 2008, "Discerning the Complexity of Community Interactions Using a Drosophila 
Model of Polymicrobial Infections", PLoS Pathog., vol. 4, no. 10, pp. e1000184.  
Sibley, C.D., Grinwis, M.E., Field, T.R., Eshaghurshan, C.S., Faria, M.M., Dowd, S.E., 
Parkins, M.D., Rabin, H.R. & Surette, M.G. 2011, "Culture Enriched Molecular 
Profiling of the Cystic Fibrosis Airway Microbiome", PLoS ONE, vol. 6, no. 7, pp. 
e22702.  
Sibley, C.D., Parkins, M.D., Rabin, H.R. & Surette, M.G. 2009, "The Relevance of the 
Polymicrobial Nature of Airway Infection in the Acute and Chronic Management of 
Patients with Cystic Fibrosis", Curr. Opin. Investig. Drugs,, vol. 10, no. 8, pp. 787-794.  
Siciliano, S., Germida, J., Banks, K. & Greer, C. 2003, "Changes in Microbial 
Community Composition and Function During a Polyaromatic Hydrocarbon 
Phytoremediation Field Trial", Appl. Environ. Microbiol.vol. 69, no. 1, pp. 483-489.  
Smith, E.E., Buckley, D.G., Wu, Z., Saenphimmachak, C., Hoffman, L.R., D’Argenio, 
D.A., Miller, S.I., Ramsey, B.W., Speert, D.P., Moskowitz, S.M., Burns, J.L., Kaul, R. 
& Olson, M.V. 2006, " Genetic Adaptation by Pseudomonas aeruginosa to the Airways 
of Cystic Fibrosis Patients", Proc. Natl. Acad. Sci. USA, vol. 103, no. 22, pp. 8487-
8492.  
Solan, M., Godbold, J.A., Symstad, A., Flynn, D.F.B. & Bunker, D.E. 2009, 
"Biodiversity-Ecosystem Function Research and Biodiversity Futures: early Bird 
Catches the Worm or a Day Late and a Dollar Short?" in Biodiversity, Ecosystem 
Functioning & Human Wellbeing: an Ecological and Economic Perspective., eds. S. 
Naeem, D.E. Bunker, A. Hector, M. Loreau & C. Perrings, 1st edn, Oxford University 
Press, , pp. 30.  
Souza, V., Espinosa-Asuar, L., Escalante, A.E., Eguiarte, L.E., Farmer, J., Forney, L., 
Lloret, L., Rodríguez-Martínez, J.M., Soberón, X., Dirzo, R. & Elser, J.J. 2006, " An 
Endangered Oasis of Aquatic Microbial Biodiversity in the Chihuahuan Desert", Proc. 
Natl. Acad. Sci. USA, vol. 103, no. 17, pp. 6565-6570.  
Stressmann, F.A., Rogers, G.B., Klem, E.R., Lilley, A.K., Donaldson, S.H., Daniels, 
T.W., Carroll, M.P., Patel, N., Forbes, B., Boucher, R.C., Wolfgang, M.C. & Bruce, 
K.D. 2011a, "Analysis of the Bacterial Communities Present in Lungs of Patients with 
Cystic Fibrosis from American and British Centers", J. Clin. Microbiol., vol. 49, no. 1, 
pp. 281-291.  
194 
 
Stressmann, F.A., Rogers, G.B., Marsh, P., Lilley, A.K., Daniels, T.W.V., Carroll, M.P., 
Hoffman, L.R., Jones, G., Allen, C.E., Patel, N., Forbes, B., Tuck, A. & Bruce, K.D. 
2011b, " Does Bacterial Density in Cystic Fibrosis Sputum Increase Prior to Pulmonary 
Exacerbation?", J. Cyst. Fibros., vol. 10, no. 5, pp. 357-365.  
Stressmann, F.A., Rogers, G.B., van der Gast, C.J., Marsh, P., Vermeer, L.S., Carroll, 
M.P., Hoffman, L., Daniels, T.W.V., Patel, N., Forbes, B. & Bruce, K.D. 2012, "Long-
Term Cultivation-Independent Microbial Diversity Analysis Demonstrates that 
Bacterial Communities Infecting the Adult Cystic Fibrosis Lung Show Stability and 
Resilience", Thorax, vol. 67, no. 10, pp. 867-873.  
Stryer, L., Berg, J.M. & Tymoczko, J.L. 2002, Biochemistry, 5th edn, W.H.Freeman & 
Co Ltd.  
Taccetti, G., Campana, S., Neri, A.S., Boni, V. & Festini, F. 2008, "Antibiotic Therapy 
Against Pseudomonas aeruginosa in Cystic Fibrosis", J. Chemoth., vol. 20, no. 2, pp. 
166-169.  
Tan, J., Pu, Z., Ryberg, W.A. & Jiang, L. 2012, "Species Phylogenetic Relatedness, 
Priority Effects, and Ecosystem Functioning", Ecology, vol. 93, no. 5, pp. 1164-1172.  
Tang, J., Wen, Q., Bennett, A., Kim, B., Sheils, C., Bucki, R. & Janmey, P. 2005, 
"Anionic Poly(Amino Acid)s Dissolve F-actin and DNA Bundles, Enhance DNase 
Activity, and Reduce the Viscosity of Cystic Fibrosis Sputum", Am. J. Physiol.-Lung 
C., vol. 289, no. 4, pp. L599-L605.  
Tilman, D. 1999, "The Ecological Consequences of Changes in Biodiversity: a Search 
for General Principles", Ecology, vol. 80, no. 5, pp. 1455-1474.  
Tilman, D., Knops, J., Wedin, D. & Reich, P.B. 2002, "Plant Diversity and 
Composition: Effects on Productivity and Nutrient Dynamics of Experimental 
Grasslands" in Biodiversity and Ecosystem Functioning: Synthesis and Perspectives, 
eds. M. Loreau, S. Naeem & P. Inchausti, 5th ed, Oxford University Press, pp. 21.  
Tilman, D., Lehman, C.L. & Thomson, K.T. 1997, "Plant Diversity and Ecosystem 
Productivity: Theoretical Considerations", Proc. Nat. Acad. Sci. USA, vol. 94, no. 5, pp. 
1857-1861.  
Tilman, D., Wedin, D. & Knops, J. 1996, "Productivity and Sustainability Influenced by 
Biodiversity in Grassland Ecosystems", Nature, vol. 379, no. 6567, pp. 718-720.  
Tilman, D., Reich, P.B. & Isbell, F. 2012, "Biodiversity Impacts Ecosystem 
Productivity as Much as Resources, Disturbance, or Herbivory", Proc. Nat. Acad. Sci. 
USA, vol. 109, no. 26, pp. 10394-10397.  
van der Gast, C.J., Walker, A.W., Stressmann, F.A., Rogers, G.B., Scott, P., Daniels, 
T.W., Carroll, M.P., Parkhill, J. & Bruce, K.D. 2011, " Partitioning Core and Satellite 
Taxa from Within Cystic Fibrosis Lung Bacterial Communities", ISME J., vol. 5, no. 5, 
pp. 780-791.  
Vitousek, P. & Hooper, D.U. 1993, "Biological Diversity and Terrestrial Ecosystem 
Biogeochemistry." in Biodiversity and Ecosystem Function, eds. E.Schulze & H.A. 
Mooney, 1st edn, Springer-Verlag, pp. 3.  
195 
 
Wang, Y. & Qian, P. 2009, "Conservative Fragments in Bacterial 16S rRNA Genes and 
Primer Design for 16S Ribosomal DNA Amplicons in Metagenomic Studies", PLoS 
ONE, vol. 4, no. 10, pp. e7401.  
Wat, D., Gelder, C., Hibbitts, S., Cafferty, F., Bowler, I., Pierrepoint, M., Evans, R. & 
Doull, I. 2008, "The Role of Respiratory Viruses in Cystic Fibrosis", J. Cyst. Fibros., 
vol. 7, no. 4, pp. 320-328.  
Weisburg, W.G., Barns, S.M., Pelletier, D.A. & Lane, D.J. 1991, "16S Ribosomal DNA 
Amplification for Phylogenetic Study", J. Bacteriol., vol. 173, no. 2, pp. 697-703.  
Weißhaupt, P., Pritzkow, W. & Noll, M. 2012, "Nitrogen Sources of Oligoporus 
placenta and Trametes versicolor Evaluated in a 23 Experimental Plan", Fungal Biol., 
vol. 116, no. 1, pp. 81-89.  
Whiteley, M., Bangera, M., Bumgarner, R., Parsek, M., Teitzel, G., Lory, S. & 
Greenberg, E. 2001, "Gene Expression in Pseudomonas aeruginosa Biofilms", Nature, 
vol. 413, no. 6858, pp. 860-864.  
Woese, C.R. & Fox, G.E. 1977, "Phylogenetic Structure of the Prokaryotic Domain: 
The Primary Kingdoms", Proc. Nat. Acad. Sci. USA, vol. 74, no. 11, pp. 5088-5090.  
Wohl, D., Arora, S. & Gladstone, J. 2004, "Functional Redundancy Supports 
Biodiversity and Ecosystem Function in a Closed and Constant Environment", Ecology, 
vol. 85, no. 6, pp. 1534-1540.  
Xavier, J.B. 2011, "Social Interaction in Synthetic and Natural Microbial 
Communities", Mol. Syst. Biol., vol. 7, pp. 483.  
Yang, C., Zhang, W., Liu, R., Li, Q., Li, B., Wang, S., Song, C., Qiao, C. & 
Mulchandani, A. 2011, "Phylogenetic Diversity and Metabolic Potential of Activated 
Sludge Microbial Communities in Full-Scale Wastewater Treatment Plants", Environ. 
Sci. Technol., vol. 45, no. 17, pp. 7408 - 7415  
Yang, L., Jelsbak, L. & Molin, S. 2011, "Microbial Ecology and Adaptation in Cystic 
Fibrosis Airways", Environ. Microbiol., vol. 13, no. 7, pp. 1682-1689.  
Zhang, Q., Buckling, A. & Godfray, H.C.J. 2009, "Quantifying the Relative Importance 
of Niches and Neutrality for Coexistence in a Model Microbial System", Funct. Ecol., 



































“I’ve been reading Fifty Shades of Grey; this is way more complicated…” 
Anon. 
 
